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SECTION  I 
INTRODUCTION 

This  is  the  final  report  of  Contract  DAAA09-74-C-2077  awarded  to  Honeywell 
by  the  U.  S.  Army  Armament  Command  (ARMCOM)  for  the  design  and  develop- 
ment of  a flightworthy  test  model  of  a hydraulic  constant  recoil  system.  The 
hydraulic  constant  recoil  system  reduces  the  recoil  forces  of  the  20mm  M197 
gatling  gun  to  a near  constant  level.  The  flightworthy  test  model  was  used  to 
conduct  firing  tests  aboard  the  AH-IG  Multiweapon  Helicopter  to  evaluate  the 
benefits  of  low-level,  near-constant  recoil  forces  of  helicopter-mounted 
weapons.  The  successful  firing  tests,  from  the  helicopter  in  flight,  were 
completed  in  February  1977.  The  contract  was  directed  by  Rodman  Labora- 
tory personnel,  and  the  flight  tests  were  conducted  by  Frankford  Arsenal 
personnel  with  assistance  of  personnel  from  the  Naval  Air  Station,  Aberdeen 
Proving  Grounds,  and  Honeywell.  Preliminary  conclusions  are  that  the 
vibrations  in  the  helicopter  resulting  from  gun  firing  are  virtually  eliminated. 
Frankford  Arsenal  is  reducing  the  data  and  will  report  the  quantitative  results. 

This  contract  is  part  of  the  ARMCOM  research  and  development  programs 
directed  toward  improving  the  effectiveness  of  helicopter  weapons  for  the 
helicopter's  role  in  the  mid-intensity  conflict.  ARMCOM  has  identified  that 
greater  firepower  is  needed  to  improve  attack  helicopters'  effectiveness  and 
that  the  large  recoil  forces  from  the  weapons  with  greater  firepower  pre- 
cluded their  use  on  helicopters  when  conventional  recoil  adapters  are  used. 
Further  investigations  by  ARMCOM  demonstrated  that  the  high,  cyclic  recoil 
forces  could  be  reduced  to  a near  constant  level  by  the  use  of  servo  recoil 
systems  rather  than  the  simple  spring/damper  recoil  adapters.  In  the  pre- 
vious contract,  DAAF03-73-C-0083,  Honeywell  had  investigated  the  use  of  a 
hydraulic  positional  servo  to  reduce  the  recoil  forces  of  the  20mm  M197 
weapon  as  part  of  ARMCOM' s program. 
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That  contract  culminated  in  the  firing  of  the  M197  weapon  mounted  on  a 
laboratory  breadboard  model  of  the  hydraulic  positional  servo  in  Honeywell's 
Hopkins  firing  range.  The  peak  to  peak  recoil  forces  were  reduced  from 
4000  pounds  to  1000  pounds.  That  contract  effort  is  reported  in  Honeywell's 
"Final  Report  on  Recoil  Force  Reduction  Weapon  Mount  Feasibility  Study" 
dated  1 November  1974. 


In  this  contract  Honeywell  advanced  the  design  of  the  breadboard  model  to  a 
flyable  test  prototype  that  could  be  used  for  the  evaluation  of  low-level  recoil 
forces.  It  should  be  noted  that  this  prototype  is  not  representative  of  a pro- 
duction model  nor  was  there  effort  to  advance  the  design  beyond  the  function- 
ing, test-feasibility  model  stage. 


The  recoil  system  is  a total  system  consisting  of  a hydraulic  positional  servo 
that  continually  commands  the  weapon  to  follow  a prescribed  recoil  displace- 
ment movement  during  firing  and  subsystems  that: 


Synchronize  recoil  system  operation  with  gun  firing 


Compensate  for  changes  in  gun  elevation 
Control  the  gun  motion  in  the  event  of  misfires 


Provide  a backup  safety  system  that  will  prevent  damage  to 
the  helicopter  in  the  event  of  hydraulic  failure 
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SECTION  II 

SUMMARY  AND  CONCLUSIONS 
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The  Army's  overall  objective  is  to  maximize  the  mission  effectiveness  of 
the  attack  helicopter  in  mid-intensity  conflict  environments.  Previous 
studies  have  established  that  effectiveness  can  be  improved  if  automatic  gun 
weapons  with  greater  firepower  are  mounted  on  attack  helicopters.  However, 
automatic  cannon  using  conventional  recoil  adapters  produce  highly  peaked 
cyclic  recoil  force  loads  which  limit  the  choice  to  relatively  low-fire-power 
weapons  with  recoil  loads  that  will  not  overstress  the  helicopter  structure 
nor  produce  vibrational  loads  that  will  fatigue  the  structure  or  degrade  the 
functional  life  of  the  helicopter  avionics  or  control  functions.  If  these  recoil 
force  loads  can  be  reduced,  greater  firepower  is  available  to  attack  heli- 
copters. 

The  objectives  of  this  contract  were  (1)  to  design,  build  and  proof  test  a pro- 
totype recoil  system  that  could  be  used  by  ARMCOM  to  evaluate  the  benefits 
of  low-level,  near-constant  recoil  forces,  and  (2)  support  ARMCOM's  flight 
test  program  to  evaluate  the  benefits  of  low  recoil  forces  on  a helicopter. 

The  weapon  used  is  the  20mm  Ml 97  gatling  gun  which  is  presently  mounted 
in  AH-IJ  helicopters.  It  was  selected  for  its  availability  and  the  fact  that 
data  was  available  on  its  use  with  standard  recoil  adapters  for  comparison 
with  the  recoil  servo  system.  The  recoil  forces,  using  standard  recoil 
adapters,  are  close  to  the  upper  level  that  can  be  tolerated  by  the  Cobra 
helicopters  and  therefore  provide  a good  basis  for  comparison.  Figure  1 
shows  the  high-peak,  cyclic  recoil  forces  produced  by  the  20mm  Ml 97  when 
mounted  on  standard  recoil  adapters. 

The  objective  of  the  contract  was  met.  A test  prototype  recoil  servo  system 
was  designed,  built  and  tested  at  Honeywell  that  greatly  reduced  the  peak  re- 
coil force  (see  Figure  2).  ARMCOM  mounted  the  system  on  the  AH-IG 
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Multiweapon  Helicopter  and  conducted  evaluation  firing  tests.  The  weapon 
and  recoil  system  installed  in  the  M97  turret  on  the  AH~1G  Multiweapon 
Helicopter  are  shown  in  Figure  3.  Approximately  2000  20mm  rounds  were 
fired  from  the  Ml 97  gun/hydraulic  constant  recoil  system  on  the  Multiweapon 
Helicopter.  Qualitative  results  (pilot  and  gunner  observations)  are  that  the 
vibration  in  the  helicopter  generated  by  firing  the  gun  is  barely  noticeable 
with  the  gun  mounted  on  the  hydraulic  recoil  system.  This  is  not  the  case 
with  the  conventional  recoil  adapters;  the  vibrations  generated  by  the  gun 
firings  shorten  the  time  between  failure  of  the  avionics,  cause  structural 
fatigue  and  prevent  the  pilot  from  accurately  controlling  the  aircraft  during 
firing.  Frankford  Arsenal  directed  the  test  program  for  ARMCOM  and  will 
report  the  quantitative  results. 


PROGRAM  SUMMARY 

The  program  was  conducted  in  six  phases  of  which  the  first  phase  was  per- 
formed under  a previous  contract  in  which  a hydraulic  servo  concept  was 
synthesized  and  analyzed  and  a simple  laboratory  model  was  fabricated  and 
tested  under  laboratory  conditions.  Phases  II  through  VI  were  conducted 
under  the  present  contract  as  follows; 

• Phase  II  - The  hydraulic  servo  concept  of  Phase  I was  re- 
designed into  flyable  hardware.  A state-of-the-art  rotary 
servo  valve  is  the  heart  of  the  recoil  servo  system.  Sub- 
systems that  synchronize  the  gun  firing  and  recoil  system 
operation,  that  compensate  for  weapon  elevation  and  mis- 
fires and  that  serve  as  a failsafe  backup  were  designed  and 
analyzed.  Preliminary  reliability  and  hazard  analyses  were 
made . 
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• Phase  III  - The  design  of  Phase  II  was  fabricated  and  sub- 
jected to  engineering  development  tests.  Five  hundred  and 
five  rounds  were  fired  that  verified  most  of  the  design  analy- 
sis. The  forces  were  much  smoother  than  recoil  adapters, 
but  not  as  smooth  as  predicted.  Control  of  weapon  move- 
ment was  positive  throughout  the  entire  range  of  firing  condi- 
tions including  successive  misfires  and  the  design  is  mount- 
able  in  the  IVI97  turret. 

• Phase  IV  - Tests  were  conducted  on  a recoil  system  design 
by  ARMCOM  for  the  20mm  M39  gun.  These  results  were 
reported  separately. 

• Phase  V - Flightworthiness  tests  were  performed  consist- 
ing of  firing  over  1900  rounds  from  the  gun  mounted  on  the 
hydraulic  recoil  servo  system  which  in  turn  was  mounted 

in  a M97  turret  on  a test  stand  on  the  firing  range.  Firings 
were  conducted  at  15  combinations  of  azimuth  and  elevation 
of  the  weapon  relative  to  the  turret. 

A continuous  250-round  burst  was  fired  as  part  of  these 
tests.  Also,  the  recoil  system,  weapon  and  turret  assembly 
were  subjected  to  simulated  helicopter  vibrations  in  accord- 
ance with  Mil-Std  810C. 

• Phase  VI  - An  Army  flight  test  program  was  supported  by 
ensuring  that  the  recoil  system  functioned  properly  when 
mounted  on  the  AH-IG  Multiweapon  Helicopter  in  Right 
tests  at  the  Patuxent  River  Naval  Air  Station,  Maryland. 
Over  200  rounds  were  fired  in  ground  tests  and  1700  in 
Right  from  the  helicopter. 
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The  reduction  in  the  recoil  forces  is  significant  as  can  be  seen  in  Figure  2. 
These  lower  forces  produce  a vibration  only  slightly  above  the  ambient  vibra- 
tion level  in  the  helicopter.  The  qualitative  reaction  of  the  pilot  affirms  the 
low  vibration  in  that  he  can  now  control  the  helicopter  during  firing  when  pre- 
viously he  was  buffeted  about  by  the  vibration  of  the  airframe. 

Over  4500  rounds  were  fired  from  the  gun  mounted  on  the  recoil  system 
without  signs  of  wear  to  the  weapon  or  the  recoil  system. 

There  are  deficiencies  in  the  present  design;  however,  in  view  of  its  unique- 
ness and  its  being  the  first  complete  system  model,  these  are  relatively 
minor.  The  specific  deficiencies  are; 

• System  weight  is  much  too  great. 

A slow  shutdown  sequence  produces  unnecessary,  large 
recoil  forces  at  the  end  of  a burst. 

The  compensation  for  gun  elevation  does  not  function 
properly. 

Recoil  forces  can  be  further  reduced. 

CONCLUSIONS 

The  hydraulic  servo  recoil  system  substantially  reduces  the  recoil  forces  of 
the  20mm  Ml 97  weapon  and  maintains  positional  control  of  the  weapon  during 
firing.  The  benefits  of  this  system  can  be  in  either  or  both  the  reduction  of 
recoil  forces  or  the  upgunning  of  the  weapon  system.  It  is  estimated  that  a 
30mm  weapon  firing  GAU-8  type  ammunition  when  mounted  on  a hydraulic 
recoil  system  could  fire  at  750  shots  per  minute  (the  same  rate  as  the  20mm 
Ml  97  weapon  on  standard  recoil  adapters)  with  lower  peak  forces,  although 
the  average  force  would  be  almost  3.5  times  greater. 
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SECTION  m 

CONCEPT  DESCRIPTION 


The  test  prototype  recoil  system  developed  on  this  contract  is  the  first  com- 
plete hydraulic  constant  force  recoil  system  for  automatic  weapons.  The 
system  consists  of  five  subsystems: 

• Constant  Force  Recoil  Servo 

• Start  and  Stop 

• Misfire  Control 

• Elevation  Compensation 

• Failsafe  Backup 

CONSTANT  FORCE  RECOIL  SERVO 

The  constant-force  recoil  servo  is  the  heart  of  the  system;  it  controls  the 
recoil  motion  of  the  weapon  during  normal  gun  firing  with  near  constant 
forces.  The  design  and  operation  of  the  constant-force  recoil  servo  is  best 
explained  in  three  steps: 

• Theory  of  constant  force  recoil  concept 

• Hydraulic  implementation 

• Error  control 
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Concept  Theory 

Conservation  of  momentum  requires  that  when  a gun  is  fired  the  net  change  in 
momentum  be  zero.  If  the  gun  is  at  rest  when  fired,  the  momentum  of  the 
gun  is  equal  and  opposite  to  the  momentum  of  the  propellant  gas  and  projec- 
tile. Also  the  impulse,  the  integral  of  the  force  on  the  gun,  is  equal  to  the 
momentum. 

In  the  design  a recoil  system,  it  is  necessary  to  know  the  recoil  momentum 
of  the  gun  or  the  firing  impulse.  In  this  contract  we  estimated  the  firing 
impulse  by  integrating  a measured  pressure  time  curve  from  the  firing  of 
20mm  M56  rounds  and  multiplying  the  integral  by  the  bore  area.  This  meas- 
urement gives  a slightly  higher  value  of  impulse  because  gas  and  projectile 
friction  were  not  deducted.  The  impulse  used  is  34.  56  pound-seconds.  The 
peak  force  applied  by  the  propellant  gas  pressure  to  the  gun  during  firing  is 
25,  000  pounds.  The  total  pulse  lasts  about  2.  7 milliseconds. 

The  purpose  of  the  recoil  system  is  to: 

• Reduce  the  forces  applied  to  the  gun  over  the  short  time 
period  of  2.  7 milliseconds  firing  pulse  by  the  propellant 
gases  to  a much  lower  force  applied  to  the  helicopter  over 
the  entire  time  interval  between  firings. 

• Maintain  positional  control  of  the  gun  while  it  moves 
(recoils)  due  to  the  forces  of  firing  and  those  applied  by 
the  recoil  system,  while  maintaining  those  of  the  recoil 
system  to  a near-constant  level. 

The  lowest  possible  value  of  the  recoil  force  is  determined  by  the  firing  rate 
and  ammunition  impulse.  For  the  20mm  M197  weapon  firing  at  750  shots  per 
minute,  the  longest  time  interval  for  the  recoil  force  is  0.08  second.  Since 
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the  product  of  the  recoil  force  and  this  time  interval  must  equal  the  ammuni- 
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tion  impulse,  the  minimum  recoil  force  is  432  pounds  f -q  - j.  This  force 
must  be  constant  over  the  firing  interval. 

The  objective  of  this  contract  effort  was  to  reduce  the  forces  transmitted  to 
the  support  structure  to  as  close  to  the  constant  force  as  possible. 

The  requirement  to  maintain  control  of  the  gun's  position  during  firing  has 
several  implications  since  the  M197  gun  is  an  automatic  weapon  that  fires 
large  numbers  of  rounds  in  rapid  fire: 

• The  gun  must  return  to  its  start  position  after  each  round 
is  fired. 

• When  the  gun  returns  to  its  start  position  its  recoil  velocity 
must  be  zero. 

The  only  way  that  the  constant  force  can  be  applied  to  a rapid-fire  weapon 
and  meet  the  positional  control  guidelines  is  by  applying  the  force  to  the  gun 
before  it  fires  such  that  the  gun  fires  exactly  halfway  through  one  operating 
cycle.  This  type  of  gun  firing  operation  is  known  as  "out  of  battery"  or 
"sear  off"  firings.  Figure  4 shows  the  movement  of  the  gun  forward,  firing 
at  its  peak  position  and  returning  to  its  start  position.  Figure  4 also  illus- 
trates the  recoil  velocity  of  the  gun  for  this  sequence  of  events.  As  shown, 
the  gun  is  back  to  its  start  position  and  zero  velocity  at  the  end  of  the  cycle. 

For  the  20mm  M197  firing  at  750  shots  per  minute  with  an  ammunition 
impulse  of  34.  56  pound-seconds  and  recoiling  weight  of  187.6  pounds  (gun 
plus  feeder  plus  moving  recoil  system  components),  the  recoil  distance, 
velocity  and  constant  force  can  be  computed  with  the  following  results: 
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Figure  4.  Nominal  Position  and  Velocity  Profiles  for  Weapon 
Recoil  in  Out-of-Battery  Firing 


Constant  force:  432  pounds 

Maximum  forward  velocity:  2.96  ft/ sec 

Maximum  rearward  velocity:  2.96  ft/ sec 

Maximum  forward  recoil  movement:  0.  71  inch 

Hydraulic  Implementation 

Figure  5 illustrates  the  initial  concept  visualized  for  employing  hydraulic 
components  to  provide  constant  force.  It  consists  of  a piston  connected  to 
the  gun.  The  hydraulic  pressure  on  the  piston  is  applied  by  compressed 
nitrogen  gas  pressure  in  the  accumulator  being  transmitted  through  the 
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rubber  diaphragm  to  the  hydraulic  fluid  to  the  piston.  The  pressurized 
nitrogen  gas  and  trapped  hydraulic  fluid  in  the  accumulator  are  effectively 
a preloaded  spring. 

The  cylinder  is  attached  to  the  support  structure,  with  the  only  forces  trans- 
mitted to  the  structure  by  the  cylinder  being  the  pressure  on  the  back  end  and 
friction  of  piston  motion  regardless  of  the  piston  motion.  These  forces  can 
be  accurately  estimated  — the  hydraulic  pressure,  which  is  equal  to  the 
nitrogen  pressure  that  varies  with  piston  movement  and  the  friction  force, 
is  viscous  friction  proportional  to  gun  recoil  velocity.  However,  the  sum  of 
these  two  forces  is  not  constant. 

This  is  corrected  by  adding  another  piston.  The  second,  smaller  piston  is 
added  as  shown  in  Figure  6.  By  appropriately  controlling  the  hydraulic  pres- 
sure on  the  small  piston,  the  net  force  can  be  kept  constant  at  432  pounds 
over  the  total  recoil  cycle. 

In  the  previous  contract  this  pressure  was  controlled  by  adjusting  the  posi- 
tion of  the  spool  in  a three-way  hydraulic  spool  valve  (Figure  7).  The  spool 
is  lap  fitted  into  the  cylinder,  and  the  ports  to  the  pressure  and  return  lines 
are  thin  slots.  The  position  of  the  lands  of  the  spools  controls  the  relative 
sizes  of  the  opening  to  the  pressure  and  return  lines.  By  moving  the  spool, 
the  range  of  pressure  on  the  piston  varies  from  zero  to  full  supply  pressure 
(1500  psi).  Also  the  pressure  on  the  piston  depends  on  piston  velocity,  piston 
area,  and  the  ratio  of  that  area  to  the  openings  in  the  servo  valve. 


In  the  previous  contract  a mechanical  cam  was  used  to  adjust  the  position  of 
the  spool  to  control  the  pressure  on  the  small  piston.  The  cam  was  attached 
to  the  gun  and  rotated  with  the  receiver.  Since  the  gun  fired  at  a fixed  rate, 
the  rotation  of  the  gun  provided  the  time  base  for  the  cam.  While  this  cam 
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Figure  7.  Three-Way  Hydraulic  Spool  Valve 


performed  reasonably  well,  there  were  certain  drawbacks,  particularly  in  its 
ability  to  switch  the  flow  during  the  2, 7-millisecond  firing  pulse  and  its  large 
weight. 

In  this  contract  the  cam,  three-way  valve  and  small  piston  were  combined 
into  one  unit.  Figure  8 shows  the  total  hydraulic  schematic  with  major  sub- 
systems identified.  The  portion  of  the  schematic  containing  the  recoil  servo 
is  shown  in  large  scale  in  Figure  9.  As  indicated  on  the  figure,  the  large 
piston  is  called  the  trim  piston,  and  it  is  this  piston  that  receives  the  nitro- 
gen pressure  from  the  hydraulic  spring.  The  recoil  servo  piston  is  the 
smaller  piston  with  cam- shaped  lands  that  control  the  flow  from  the  pressure 
line  and  return  line.  The  pistons  are  on  a common  shaft  connected  to  the 
receiver  of  the  gun  and  rotate  and  recoil  with  the  gun.  The  forces  on  the 
cylinder  are  transmitted  to  the  support  structure. 

The  nitrogen  pressure,  and  hence  the  pressure  on  the  trim  piston  area,  com- 
bined with  the  friction  force  and  the  pressure  on  the  servo  piston  area  pro- 
duce a net  force  of  432  pounds  pushing  the  gun  forward  and  the  support  struc- 
ture rearward  throughout  the  firing  operation  of  the  gun. 

Error  Control 


If  the  impulse  of  the  rounds  is  greater  than  the  34.  56  pound-second  value 
used  in  the  design,  the  higher  impulse  would  cause  the  gun  to  move  more 
rapidly  rearward  after  firing,  and,  if  the  force  applied  to  the  gun  remained 
at  432  pounds,  the  displacement  velocity  curves  would  be  as  shown  in  Figure 
10.  The  position  and  velocity  errors  — differences  between  the  design  curves 
and  the  actual  — have  the  following  effects: 
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Figure  8.  Hydraulic  Constant-Fo^ 
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Rearward  Displacement  Error  --  The  lands  of  the  servo  piston 
are  further  to  the  left  of  the  position  shown  in  Figure  10.  This 
increases  the  opening  to  the  return  line  and  decreases  the  open- 
ing to  the  pressure  line,  thereby  dropping  the  pressure  in  the 
cavity  between  the  two  lands.  The  lower  pressure  results  in  a 
smaller  force  on  the  servo  piston  and  results  in  an  increase  in 
the  overall  net  force  on  the  gun,  tending  to  eliminate  the  dis- 
placement error. 

• Rearward  Velocity  Error  — The  larger  rearward  velocity  of  the 
servo  piston  also  results  in  a decrease  in  pressure  on  the  servo 
piston  even  if  the  openings  to  the  return  line  remain  the  same. 

The  effect  of  the  velocity  error  in  Figure  10  is  to  increase  the 
net  force  on  the  gun,  tending  to  correct  for  the  velocity  error. 

The  change  in  the  net  force  due  to  displacement  or  velocity  errors  is  such  as 
to  drive  the  gun  toward  the  design  displacement  and  velocity  values  at  each 
instant  of  rotation  of  the  gun. 

An  extensive  analysis  using  computer  simulations  was  made  to  establish  the 
servo  response  characteristic  for  errors.  The  principal  errors  were  con- 
sidered to  be  variations  in: 

• Ammunition  impulse 

• Ignition  delay 

• Firing  rate 

This  analysis  is  presented  in  Section  V,  and  the  details  of  the  rotary  valve 
design  are  contain  in  Section  IV. 


20 


START  AND  STOP  SUBSYSTEM 


An  essential  part  of  the  concept  is  the  start  of  the  recoil  motion  before  the 
shot  is  fired.  The  start,  if  position  and  velocity  errors  are  not  to  be  intro- 
duced, must  be  precisely  39  milliseconds  before  the  2.  7-millisecond  firing 
impulse  occurs.  The  start  and  stop  subsystem  consists  of  two  proximity 
sensors,  a logic  switching  circuit,  a rapid-response  electrohydraulic  valve, 
a switching  valve  and  a two-sided  piston.  The  subsystem  was  identified  in 
Figure  8 and  is  shown  in  detail  in  Figure  11. 

The  need  for  this  complex  a subsystem  is  partly  dictated  by  the  operation  of 
the  M197  gun.  The  M197  is  a gatling  with  three  rotating  barrels.  When  a 
bolt  carrying  a live  round  sweeps  by  a fixed  firing  pin,  the  round  is  fired. 

To  preclude  live  rounds  in  a hot  chamber,  feeding  of  the  ammunition  is  con- 
trolled by  an  interruptible  feeder.  When  the  gunner  pulls  the  trigger  the  gun 
starts  to  rotate  and  live  ammunition  starts  moving  through  the  feeder  into  the 
gun.  The  arrangement  is  such  that  three  empty  bolts  pass  the  firing  pin 
before  the  first  live  round  reaches  the  firing  pin.  When  the  gunner  releases 
the  trigger,  the  feeder  is  declutched,  preventing  any  more  rounds  from  pas- 
sing through  the  feeder  into  the  gun.  The  gun  meanwhile  continues  to  fire 
until  all  the  live  rounds  downstream  of  the  clutch  have  been  fired  and  the 
weapon  has  been  cleared  of  live  rounds  and  empty  cases.  Therefore,  the 
gunner's  pull  and  release  of  the  trigger  could  not  be  used  to  start  the  out-of- 
battery  motion. 

In  the  two- sensor  concept  adopted  to  solve  this  problem,  one  sensor  is  used 
to  monitor  the  presence  of  a roller  attached  to  a bolt.  When  a roller,  indicat’ 
ing  the  presence  of  a bolt,  is  sensed  the  round  sensor  is  turned  on.  If  this 
sensor  senses  a round,  the  fast  acting  electrohydraulic  valve  is  turned  on. 
While  this  valve  comes  up  to  full  output  in  2 milliseconds,  its  flow  is  small. 
This  small  flow  is  used  to  move  the  spool  of  the  start/ run  valve  which  in  turn 
allows  a large  flow  or  oil  into  the  start  piston.  The  start  piston  up  to  this 
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time  has  opposed  the  trim  piston  and  held  the  gun  at  the  start  position.  When 
the  other  side  of  the  piston  receives  oil  from  the  start/ run  valve,  the  piston 
is  moved  forward  as  shown  in  Figure  1 1,  releasing  control  of  the  gun  motion 
to  the  servo  system.  By  adjusting  the  position  of  the  sensors,  the  start  of 
the  recoil  motion  39  milliseconds  before  firing  is  obtained. 


Each  time  a bolt  comes  by  the  bolt  sensor,  the  logic  sensor  is  updated.  If  a 
round  is  present,  the  system  remains  in  the  run  mode.  When  a bolt  comes 
by  the  sensor  and  the  round  sensor  does  not  sense  a round,  the  system  is 
shut  down  by  retracting  the  start  piston  (and  the  weapon  with  it)  to  the  start 
position. 

To  preclude  the  chance  of  an  error  in  the  output  of  the  logic  circuit  resulting 
in  the  gun  firing  in  the  start  position,  the  output  of  the  logic  circuit  is  also 
connected  to  a relay  in  the  firing  line  to  the  gun.  The  firing  line  is  inter- 
rupted by  the  relay  until  the  round  sensor  signals  there  is  a round  in  the  gun. 


MISFIRE  CONTROL  SUBSYSTEM 


The  basic  scheme  of  the  recoil  system  requires  the  gun  to  be  moving  forward 
at  2.96  ft/ sec  when  the  round  is  fired.  The  firing  of  the  round  drives  the  gun 
backward.  In  the  event  of  a misfire,  the  gun  would  continue  forward  and 
impact  the  front  of  the  turret  unless  restrained  in  some  fashion.  The  mis- 
fire control  subsystem  must  provide  the  controlled  force  to  prevent  the  gun 
from  impacting  the  turret.  The  problem  is  further  complicated  in  that  the 
recoil  motion  is  synchronized  with  the  firing  of  the  gun,  and  a misfire  dis- 
rupts the  synchronization.  The  regaining  of  synchronized  recoil  motion  auid 
gun  firing  could  not  be  obtained  by  stopping  and  restarting  the  gun  without  con- 
siderable gun  redesign.  Since  the  objective  was  to  design  a recoil  system 
requiring  minimum  gun  modification,  other  means  were  considered. 
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An  analysis  was  made  into  the  dynamics  of  stopping  the  forward  motion  and 
returning  the  gun  to  the  start  position  at  the  end  of  the  cycle.  This  motion  is 
shown  in  Figure  12.  The  two  forces  FI  and  F2  are  needed  to  bring  the 
weapon  back  to  the  start  position  for  the  next  round.  The  magnitude  of  each 
force  depends  on  the  time  needed  and  is  inversely  proportional  to  the  radius 
of  curvature  shown  in  Figure  12.  The  sharper  the  curve  the  greater  the 
force.  The  tradeoffs  in  forces  FI  and  F2  are  shown  in  Figure  13.  To  accom* 
plish  this  type  of  motion  either  or  both  FI  or  F2  must  be  much  larger  than 
the  432-pound  value  of  constant  force.  A second  misfire  operational  mode 
was  considered  and  selected.  The  recoil  path  and  force  is  shown  in  Figure 
14.  In  this  scheme  the  gun  is  returned  to  the  next  firing  position  with  the 
appropriate  rearward  velocity,  as  if  a round  had  been  fired  by  the  hydraulic 
system.  However,  the  round  after  the  misfire  cannot  be  fired  as  the  addi- 
tional impulse  is  more  than  the  recoil  system  could  tolerate.  In  this  system 
the  round  after  the  misfire  is  ejected  as  a dud.  Firing  commences  again  on 
the  second  round  after  the  misfire. 


The  misfire  subsystem  portion  of  the  hydraulic  schematic  is  shown  in  large 
scale  in  Figure  15. 

The  misfire  control  subsystem  consists  of  a misfire  detect  valve,  misfire 
engage  valve  and  rotary  misfire  servo  valve  and  piston,  and  a sensor  con- 
nected to  the  logic  circuit  that  detects  the  misfire  engage  valve  in  the  "on" 
position. 

When  a misfire  occurs,  the  gun  moves  forward  of  its  normal  furthermost 
recoil  position.  This  movement  opens  the  misfire  detect  valve  (shown 
closed  in  Figure  15)  which  turns  on  the  misfire  engage  valve.  The  misfire 
engage  valve  shuts  off  the  large  return  line  to  the  misfire  servo  piston/ valve 
and  opens  the  pressure  line  and  return  line  to  this  piston/ valve.  The  misfire 
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ROTATION  ANGLE  (DEGREES) 


Figure  12.  Misfire  Recoil  Control  Technique 
Initial  Concept 


F2  - COUNTER  RECOIL  FORCE  (POUNDS) 


Figure  13,  Counter  Recoil  Force  Requirement 
Initial  Concept 


Figure  14.  Misfire  Recoil  Control  Technique  - 
Modified  Concept 


servo  is  similar  to  the  rotary  servo  valve  in  that  it  consists  of  cam- shaped 
lands  that  control  the  flow  into  the  cylinder  and  that  one  land  is  larger  in 
diameter  than  the  other  so  there  is  a net  force  in  the  cylinder  on  the  gun. 
The  cam  lands  rotate  and  reciprocate  with  the  weapon.  The  action  of  this 
combined  cam,  three-way  valve  and  piston  is  to  gradually  decelerate  the 
forward  motion  of  the  weapon  and  then  to  accelerate  the  weapon  rearward. 
While  the  weapon  is  in  the  misfire  zone,  forward  of  the  normal  recoil  enve- 
lope, the  misfire  engage  valve  is  "on."  When  it  is  on,  the  misfire  mode 
proximity  switch  turns  off  the  firing  relay,  interrupting  the  firing  line  and 
thus  preventing  firing  of  a round  at  this  time  and  for  30  milliseconds  after 
the  gun  has  returned  to  the  normal  recoil  envelope. 
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The  misfire  servo  brings  the  weapon  back  into  the  synchronous  recoil  motion 
at  the  time  the  next  round  is  to  be  fired.  The  logic  system  prevents  this 
round  from  being  fired  by  turning  the  relay  in  the  firing  line  off.  This  mode 
of  operation  minimizes  the  forces  needed  to  bring  the  gun's  recoil  motion 
back  into  synchronous  motion  with  the  firing. 


ELEVATION  COMPENSATION  SUBSYSTEM 
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When  the  gun  is  elevated  or  depressed  there  is  a component  of  the  weight  of 
the  weapon  along  the  axis  of  the  recoil.  Since  the  constant  recoil  force  is 
estimated  to  be  432  pounds,  the  component  of  the  187.6  pounds  of  the  recoil- 
ing parts  would  produce  a large  error  at  large  angles  of  elevation  or  depres- 
sion. The  g- sensor  compensates  for  the  component  of  weight  of  the  gun  by 
increasing  or  decreasing  the  trim  pressure.  The  g- sensor  also  compensates 
for  helicopter  g forces  along  the  axis  of  the  gun.  The  g-sensor  consists  of 
a valve  with  a small  orifice  that  is  closed  by  a large  tungsten  carbide  ball 
under  spring  pressure.  When  sufficient  pressure  on  the  ball  is  reached, 
the  orifice  is  opened,  allowing  oil  to  flow  past  the  ball,  thus  dropping  the 
pressure.  By  properly  sizing  an  upstream  orifice,  ball  and  spring,  the 
pressure  on  the  upstream  side  of  the  orifice  is  proportional  to  the  spring 
force  and  the  component  of  ball  weight  along  the  gun  aucis  if  the  gun  is  not 
horizontal.  This  device  functioned  adequately  in  the  laboratory  but  not  dur- 


FAILSAFE  BACKUP  SUBSYSTEM 

The  principal  hazardous  failure  of  the  recoil  system  is  failure  to  reduce  the 
recoil  force.  A hard-mounted  20mm  gun  firing  an  M56  round  generates  a 
peak  recoil  force  of  25,  000  pounds.  If  the  weapon  is  against  the  helicopter 
frame  without  some  energy  absorber  in  between,  the  helicopter  could  be 
severely  damaged.  Also  it  is  possible  that,  should  the  misfire  control  sub- 
system fail,  the  impact  of  a 187.6-pound  gun  traveling  at  over  3 ft/sec  would 
also  severely  damage  the  airframe.  Therefore,  two  actions  are  required  to 
preclude  damage  in  the  event  of  system  failure: 

• Stop  the  gun  from  firing. 

• Provide  backup  energy  absorbers  at  each  extreme  of  the  gun 
recoil  motion  envelope  to  reduce  the  impact  load  to  a suitable 
level. 
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The  safety  backup  portion  of  the  hydraulic  schematic,  shown  in  Figure  17, 
consists  of  two  sets  of  belleville  springs  at  each  end  of  the  recoil  motion 
envelope.  These  springs  will  absorb  the  energy  of  the  gun  impact  at  9 ft/ sec 
rearward  and  6 ft/ sec  forward  while  transmitting  a maximum  force  of  9000 
pounds  to  the  structure.  Also  proximity  sensors  are  included  such  that,  if 
either  set  of  springs  is  contacted,  the  firing  delay  is  switched  off  and  a reset 
switch  tripped.  The  firing  delay  turn-off  prevents  firing  of  additional  rounds. 
The  gun  will  continue  to  feed  rounds,  but  these  are  ejected  live  until  the  gun- 
ner releases  the  trigger.  The  reset  switch  is  a manual  device  that  is 
inaccessible  to  the  pilot  and  gunner;  the  helicopter  must  land  before  the  reset 
switch  can  be  activated  and  the  firing  line  energized. 


FAiL^A^E JACKUP  ^^^YSTEM 


Figure  17.  Failsafe  Backup  Subsystem  Schematic 


SYSTEM  OPERATING  MODES 


The  hydraulic  constant  recoil  system  has  four  operating  modes: 
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Hold  Mode  --  In  this  mode  the  weapon  is  held  rigidly  in  a fixed 
position  by  the  trim  piston  forcing  the  gun  against  the  retracted 
start  piston.  The  hydraulic  power  consumption  in  this  mode  is 
negligible.  This  mode  is  maintained  until  there  is  a round  in 
the  weapon  to  be  fired. 


• Firing  Mode  --  When  the  first  live  round  is  39  milliseconds 
before  firing,  the  recoil  system  is  switched  to  the  firing  mode; 
it  remains  in  this  mode  until  the  last  round  is  fired.  The 

" switch  to  the  firing  mode  is  initiated  by  a sensor  that  signals  the 

presence  of  a round  to  the  electronic  control  box.  In  the  firing 
mode  the  start  piston  that  has  held  the  weapon  in  the  start  posi- 
tion is  extended  and  no  longer  restrains  gun  recoil  motion.  This 
enables  the  weapon  to  move  forward  for  "out-of-battery"  firing 
under  the  control  of  the  trim  piston  and  rotary  servo  valve. 
Rearward  motion  occurs  when  the  weapon  fires.  The  rearward 
motion  is  brought  to  a stop  and  the  weapon  is  accelerated  for- 
, ward  for  firing  the  next  round  by  the  trim  piston  and  rotary  servo 

valve.  When  the  last  round  is  fired,  the  recoil  system  returns 
to  the  hold  mode. 

• Misfire  Mode  --  If  a round  does  not  fire  (misfire)  the  forward 
motion  continues  until  the  weapon  enters  the  misfire  displace- 
ment zone.  A detect  valve  then  switches  on  a large  misfire  con- 
trol hydraulic  piston  that  decelerates  the  forward  motion  and 
then  accelerates  the  weapon  rearward  into  the  normal  firing  dis- 
placement zone.  During  this  excursion  the  firing  line  is  inter- 
rupted by  the  electronic  control  which  duds  the  first  round  after 
the  misfire.  Firing  resumes  on  the  second  round  after  the 

I misfire. 
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: • Safety  Backup  Mode  — In  the  event  of  hydraulic  failure,  two 

i sets  of  belleville  springs  will  stop  the  forward  or  rearward  | 

[ motion  of  the  weapon  without  damage  to  the  aircraft.  Should  .i 

* \ 

this  occur,  the  firing  line  is  interrupted,  and  all  subsequent  •; 

rounds  are  dudded.  j 

During  the  initial  evaluation  firings  the  system  was  slightly  out 
of  adjustment  resulting  in  the  recoil  system  creeping  into  the 
misfire  zone.  Once  this  proper  adjustment  was  made  the 
recoil  system  operated  in  the  firing  mode.  At  no  time  was 
the  safety  backup  mode  used  in  the  flight  tests. 


SECTION  IV 

HARDWARE  DESCRIPTION 

This  section  describes  the  physical  implementation  of  the  constant  force  re- 
coil system  test  prototype,  both  as  originally  built  and  as  modified  before  and 
during  field  and  flightworthiness  testing.  Assembly  of  the  recoil  system  to 
the  20mm  Ml 97  gun  and  total  system  installation  in  the  test  helicopter  turret 
are  also  discussed. 

RECOIL  SYSTEM /WEAPON  ASSEMBLY 

The  constant  recoil  design  assembly  before  testing  is  shown  in  Figure  18. 

The  recoil  assembly  is  mounted  on  the  elevation  saddle  of  the  M97  turret, 
and  the  M197  weapon  is  mounted  on  the  recoil  assembly.  The  recoil  assembly 
had  to  be  adapted  to  both  the  existing  turret  and  weapon  with  minimum  modi- 
fications to  each. 

Turret  modifications  involved  slight  changes  to  the  elevation  saddle  - removal 
by  machining  of  the  two  projections  that  hold  the  existing  recoil  adapter  in  the 
front  of  the  saddle  and  disassembly  of  the  mount  and  its  supporting  structure 
from  the  rear  of  the  saddle.  A large  aluminum  plate  was  attached  to  the  top 
of  the  saddle,  and  two  support  blocks  were  bolted  to  the  underside  of  the  plate, 
each  block  containing  ball  bushings  in  which  the  weapon  support  rods  ride. 

The  front  of  the  weapon  is  rigidly  attached  to  the  support  rods  by  the  weapon 
supports.  The  intent  of  this  part  of  the  design  is  to  support  the  front  end  of 
the  weapon  by  firmly  attaching  it  to  the  support  rods  which  are  free  to  trans- 
late along  the  recoil  direction  with  minimum  friction. 
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The  weapon  is  also  supported  at  the  rear  end  of  the  outside  of  the  rotary  valve 
assembly.  This  support  is  shown  in  Figure  19.  The  modification  to  the  weapon 
consisted  of  removing  the  back  plate  and  needle  bearings  and  replacing  these 
with  a modified  plate  and  roller  bearings  and  a ball  bushing  as  shown  in  Figure 
19.  Also  the  connector  to  the  firing  pin  of  the  weapon  was  replaced  with  one 
of  smaller  height. 

The  rotary  valve  assembly  fits  inside  the  receiver  of  the  weapon,  and  the 
rotary  valve  spool  that  contains  the  trim,  servo  and  misfire  pistons  is  keyed 
to  the  front  of  the  M197  receiver  by  a plate.  The  purpose  of  this  assembly  is 
to  minimize  translational  sliding  friction  by  supporting  the  weapon  weight  with 
the  support  rods  sliding  in  ball  bushings  and  the  rear  of  the  weapon  receiver 
sliding  on  the  rotary  valve  assembly.  The  force  on  the  weapon  to  control  re- 
coil is  applied  by  the  rotary  valve  spool  along  the  centerline  of  the  weapon.  j 

As  the  test  program  proceeded  several  changes  were  made  in  this  arrangement 
because  of  the  larger  than  computed  recoil  forces  that  occurred  immediately 
upon  firing.  These  forces  are  believed  to  result  from  increased  friction  caused 
by  the  pitch-up  motion  of  the  gun  as  it  fires.  The  gun  barrel  that  fires  is  above 
the  center  of  gravity  of  the  weapon,  thus  producing  a large  angular  "pitch-up" 
impulse.  To  minimize  this  angular  deflection  during  firing,  the  support  rods 
were  lengthened,  and  an  additional  set  of  ball  bushings  were  added  (Figure  20). 

This  modification  helped  slightly;  however,  the  peaks,  approximately  900  . 

pounds,  were  still  considered  undesirable.  Analysis  of  test  results  still  indi- 
cated abnormal  friction.  This  was  believed  still  a result  of  the  pitch-up  torque 
bending  the  end  of  the  rotary  valve  shaft.  An  additional  modification  was  made 
(Figure  21)  in  which  two  universal  joints  were  added  along  with  a stand-off  sup- 
port to  provide  a length  between  the  U joints.  It  was  hoped  that  this  would  pre- 
vent the  pitch-up  movement  from  transmitting  large  bending  moments  to  the 
lap-fitted  rotary  valve  shaft.  Tests  of  this  configuration  indicate  slight  im- 
provements, and  they  are  analyzed  in  detail  in  the  Test  Results  Section. 
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Figure  18.  Consteint-Force  Recoil  Design  Assembly! 
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After  field  testing  but  prior  to  flight  testing,  a rotary  union  was  added  to  the 
aluminum  plate  on  the  top  of  the  elevation  saddle.  This  union  rotates  in  the 
plane  of  the  plate,  decreasing  the  bends  required  in  the  1/2  heavy  rubber 
hoses  that  connect  the  helicopter's  hydraulic  pressure  and  return  lines  to 
the  recoil  system  in  the  turret.  It  was  anticipated  that  there  might  be  inter- 
ference between  these  lines  and  the  flexible  ammunition  chute  when  the  gun 
was  trained  in  azimuth  and  elevation.  No  difficulties  of  this  type  were  en- 
countered during  flight  testing.  Figure  22  shows  the  rotary  union  mounted 
to  the  aluminum  plate.  The  quart  trim  accumulator  is  shown  as  used  in  the 
flight  tests. 


ROTARY  VALVE  ASSEMBLY 

Figures  23  and  24  are  detail  drawings  of  the  rotary  valve  spool  and  sleeve. 
These  drawings  illustrate  the  servo  valve  lands  for  both  the  recoil  and  mis- 
fire servo.  The  first  attempt  to  make  the  sleeve  consisted  of  a two-piece 
construction  to  ease  fabrication  of  the  long  narrow  slots.  This  construction 
could  not  be  sealed  so  the  one-piece  sleeve  construction  of  Figure  24  was 
made.  Figure  25  is  a photograph  of  the  rotary  valve  spool. 


TRIM  BLADDER 

The  purpose  of  the  trim  bladder  (Figure  26)  is  to  separate  the  nitrogen  from 
the  hydraulic  fluid  and  to  maintain  pressure  on  the  hydraulic  oil  that  is  in  turn 
transmitted  to  the  trim  position.  The  reason  for  its  location  and  the  rounded 
end  on  the  trim  position  is  to  mitigate  pressure  spikes  upon  firing.  In  the  pre- 
vious contract,  the  connection  of  oil  on  the  trim  piston  to  the  nitrogen  in  the 
accumulator  was  through  a small  oil  line  to  the  oil  side  of  the  accumulator. 
Just  before  the  firing  the  oil  in  this  line  would  be  moving  rapidly  toward  the 
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Figure  23.  Rotary  Valve  Spool  Showing  Addition  of  Standoff  Support 
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Figure  24.  Rotary  Valve  Spool  Showing  One-Piece  Sleeve  C 
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Figure  25.  Rotary  Valve  Spool  Configuration 
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Figure  26,  Trim  Bladder  Layout 
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trim  piston  at  approximately  90  ft/ sec.  (The  trim  piston  was  moving  at  3 ft/ 
sec,  and,  because  of  the  relative  size  of  the  pipe  areas,  the  oil  in  the  lines  ^ 

was  moving  almost  30  times  as  fast.)  When  the  gun  fired,  the  trim  piston  j 

reversed  its  velocity  to  3 ft/sec  in  the  opposite  direction  in  2,7  milliseconds.  J 

This  required  the  oil  in  the  lines  to  be  accelerated  to  a net  180  ft /sec  velocity  ^ 

change  in  the  same  time  period.  The  resulting  pressure  spikes  required  to  ;; 

accelerate  the  oil  also  produced  force  spikes  of  over  2500  pounds  on  the  trim  , 

piston.  f 

ij 

s 

In  the  present  design,  the  rearward  acceleration  of  the  trim  piston  is  trans- 
ferred to  the  oil  and  to  the  nitrogen  over  the  large  area  of  the  bladder,  com- 
pletely eliminating  the  pressure  spikes  of  the  previous  design. 


However,  a slight  dimensional  error  in  the  size  of  the  bladder  that  went  un- 
detected until  very  late  in  the  program  made  this  component  the  most  trouble- 
some item  in  the  entire  design.  The  preparation-for-firing  procedure  was  to 
pressurize  the  nitrogen  side  of  the  accumulator.  Often  the  bladder  failed  to 
hold  the  nitrogen  pressure,  permitting  the  nitrogen  to  escape  into  the  hydraulic 
side.  This  was  particularly  troublesome  when  the  weapon  was  mounted  on  the 
helicopter,  as  the  nitrogen  displaced  the  oil  which  overflowed  the  helicopter's 
reservoir.  The  bladder  did  not  fail  when  the  hydraulic  pressure  was  brought 
up  to  counterbalance  the  nitrogen  pressure. 

Once  the  dimensional  change  was  made  and  a slightly  higher  durometer  material 
was  used,  bladder  problems  were  eliminated. 


LARGE  VALVE  BLOCK 

The  large  valve  block  is  bolted  to  the  back  end  of  the  elevation  saddle.  In 
addition  to  supporting  the  rotary  valve  assembly,  it  contains  the  elevation 
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g-valve  and  trim  pressure  regulator  valve  assembly,  the  misfire  engage  valve, 
and  power  on/off  valve.  It  is  a large  hydraulic  manifold  in  which  most  of  the 
connection  between  the  valves  is  made  by  holes  drilled  in  the  block.  The  only 
difficulty  encountered  with  this  block  is  that  the  pressure  passage  to  the 
g-sensor  was  too  small,  resulting  in  a pressure  drop  in  the  supply  line  to  the 
g-sensor.  The  g-sensor  was  unable  to  maintain  the  proper  pressure  level 
during  recoil  operation  and  was  replaced  with  a pressure  regulator.  Figure 
27  shows  a large  valve  block  with  the  pressure  regulator  attached  as  assembled 
on  the  AH-IG  helicopter.  Figure  28  is  a drawing  of  the  large  valve  block,  and 
Figure  29  shows  the  four  operational  valves.  The  misfire,  power  on/off  and 
start  run  valves  are  surplus  spool  valves  modified  for  the  hydraulic  circuit. 

The  purpose  of  the  trim  pressure  regulator  valve  is  to  maintain  the  trim  pres- 
sure at  the  nominal  value  of  584  psi  while  the  helicopter  is  flying  and  not  firing. 
This  conserves  oil  because  the  g-sensor  is  not  in  the  circuit  at  this  time.  When 
the  gunner  pulls  the  trigger,  the  solenoid  valve  initiates  the  power  on/off  valve 
which  switches  control  to  the  g-sensor  valve  to  adjust  the  trim  pressure  for 
the  elevation  at  the  time  of  firing.  Due  to  the  failure  of  the  g-sensor  valve  to 
maintain  pressure  in  tests,  both  it  and  the  trim  pressure  regulator  valve  were 
eliminated  from  the  hydraulic  circuit  by  the  pressure  regulator.  Time  did  not 
permit  investigating  the  g-sensor  failure.  It  is  our  opinion  that  a regulated 
flow  to  the  g-sensor  would  eliminate  the  deficiency;  however,  since  the  heli- 
copter firings  took  place  at  a fixed  predictable  gun  elevation  the  pressure  regu- 
lator was  adequate  for  the  flight  tests. 

Figure  30  is  a schematic  of  the  modified  hydraulic  circuit  used  in  the  test  pro- 
gram. 


Figure  27.  Large  Valve  Block  with  Attached  Pressure  Regulator 
as  Assembled  on  the  AH-IG  Helicopter 
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Figure  29.  Four-Valve  Layout 
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SMALL  VALVE  BLOCK 


The  small  valve  block  (Figure  31)  contains  the  start/run  valve,  the  fast  acting 
elect rohydraulic  valve,  the  misfire  detect  valve  and  the  start  piston.  This  set 
of  valves  is  located  on  the  underside  of  the  aluminum  plate  attached  to  the 
saddle. 


ELECTRONIC  CONTROL  UNIT 

The  gun  control  logic  controls  the  round-ready  pilot  valve  and  the  fire  control 
enable  relay.  The  circuit  is  initially  reset  (no  round-ready  and  no  fire  control 
relay  closure)  when  power  is  applied. 

At  the  time  the  breech  roller  comes  into  position,  the  logic  starts  looking  for 
a round  to  be  sensed.  After  the  breech  roller  leaves  the  position,  the  round- 
ready  and  fire  control  are  set  if  a round  is  present  or  reset  if  a round  is  not 
present.  The  condition  is  retained  until  the  breech  roller  again  comes  into 
position  at  which  time  the  state  is  updated.  The  fire  control  relay  is  reset  if 
the  cross  yoke  is  sensed  and  remains  reset  until  30  milliseconds  after  the 
cross  yoke  clears.  The  next  breech  roller  into  the  detection  position  updates 
the  fire  control  condition. 


The  main  logic  power  relay  is  dumped  (causing  the  round-ready  and  fire 
control  relay  to  drop)  if  either  the  forward  stop  sensor  or  rear  stop  sensor 
is  activated.  A manual  reset  must  be  performed  to  reactivate  the  circuit. 

The  logic  system  is  fabricated  from  standard  CMOS  integrated  circuits  and 
is  very  noise'immune.  With  proper  packaging,  the  circuits  easily  withstood 
aircraft  vibration. 

The  electronic  control  main  timing  diagram  is  shown  in  Figure  32  and  the 
electronic  latch  timing  diagram  in  Figure  33.  Figure  34  is  a schematic  of 
the  gun  control  logic  electronics,  and  Figure  35  shows  the  electronic  control 
unit  mounted  in  the  ammunition  bay  of  the  test  helicopter. 
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THE  POSITIVE  TRANSITION  OF  THE  BREECH  ROLLER  STARTS  THE  SEARCH  FOR 
A ROUNO,  THE  NEGATIVE  TRANSITION  STOPS  THE  SEARCH  AND  UPDATES  THE 
PILOT  VALVE  LATCH  AND  THE  FIRE  CONTROL  LATCH.  NO  JITTER  CAN  BE 
TOLERATED  ON  THIS  LINE. 

THE  POSITIVE  TRANSITION  OF  THE  ROUNO  SENSOR  INDICATES  A ROUND  IS 
PRESENT.  THE  NEGATIVE  EDGE  IS  UNIMPORTANT.  THE  POSITIVE 
TRANSITION  MUST  OCCUR  AFTER  THE  POSITIVE  TRANSITION  OF  THE 
BREECH  ROLLER.  MORE  THAN  ONE  TRANSITION  OR  JITTER  CAN  BE 
TOLERATED. 


Figure  32.  Electronic  Control  Main  Timing  Diagram 
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Figure  33.  Electronic  Latch  Detailed  Timing  Diagram 
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Figure  34.  Control  Logic  Electronic  Schematic 


SECTION  V 
DESIGN  ANALYSIS 


Analysis  effort  during  the  present  contract  was  concentrated  on  the  design  of 
the  recoil  servo  valve  and  the  misfire  valve.  Both  of  these  valves  are  rotary 
three-way  servo  valves  with  lands  shaped  to  control  the  pressure  in  the  re- 
coil servo  and  misfire  servo.  Emphasis  in  the  recoil  servo  rotary  valve 
analysis  was  to  define  the  characteristics  that  would  maintain  positional 
control  of  the  gun  over  the  full  range  of  operating  conditions  without  requir- 
ing large  control  forces  or  an  excessive  flow  of  hydraulic  oil.  This  was 
accomplished  by  selecting  valve  conditions  and  then  using  the  computer  pro- 
gram to  compute  the  recoil  motion,  control  force  and  hydraulic  power  con- 
sumed for  a wide  range  of  firing  rates,  ammunition  impulse  and  ignition 
delays.  Once  a satisfactory  valve  was  determined,  the  computer  output  was 
modified  to  give  the  valve  land  dimensions  and  the  width  of  the  oil  passage 
slots. 

The  misfire  servo  analysis  effort  was  directed  to  determining  the  proper 
shape  of  the  lands  to  return  the  gun  to  a synchronous  position  of  recoil  motion 
and  firing  without  extreme  forces,  displacement  and  oil  consumption. 

The  analysis  consisted  of  simulations  using  a digital  computer  in  which  all 
the  definable  forces  were  included.  The  computer  program  was  flexible  in 
that  anyone  or  all  35  input  variables  could  be  readily  changed  to  evaluate 
their  effect  on  the  system  performance.  Also  the  output  could  be  printed 
and/or  plotted  at  the  user's  selection.  The  Honeywell  Time  Share  computer 
was  used  directly  by  the  design  engineer,  enabling  fast  turn  around  in  the 
iterative  design  process. 

The  intent  of  the  computer  simulation  was  to  simulate  the  recoil  system  in 
actual  operation  of  a burst  firing.  The  simulation  operated  as  follows: 
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A theoretically  perfect  rotary  valve  for  both  recoil  and  misfire  was  ^ 

designed  in  the  program  for  a specified  value  of  firing  rate,  ammunition  j 

impulse,  and  ignition  delay  valve  characteristics,  weapon  weight,  fric- 
tion,  piston  sizes,  hydraulic  oil  supply  pressure  characteristics  and  | 

start  conditions  of  position  and  velocity.  | 

I 

A second  set  of  input  data  determined  the  actual  conditions.  Primary  ^ 

variables  were:  | 

• Firing  rate  h 

• Ammunition  impulse  I 

• Ignition  delay  I 

• Friction 

• Weight  j 

i • Misfires 

['  • Number  of  rounds  fired 


3.  The  output  was  the  forces  transmitted  to  the  structure  as  a function  of 
time  and  the  velocity  and  displacement  of  the  gun,  the  pressures  in  the 
recoil  and  misfire  servo  valves  and  the  average  and  peak  hydraulic  flow 
rates. 

The  integration  routines  assume  constant  force  for  0.0001  second  and 
equilibrum  conditions  at  the  time  of  integration.  The  nominal  period 
for  one  cycle  is  0.08  second  (750  shots  per  minute);  800  iterations  were 
made  for  the  simulation  of  the  firing  of  one  round. 


The  first  portion  of  this  section  is  devoted  to  a general  description  of  the  pro- 
gram. It  is  not  the  intent  of  this  description  to  go  over  the  program  instruc- 
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tion  by  instruction,  as  each  engineer  and  programmer  uses  techniques  best 
suited  to  the  computer  available  to  him,  which  may  be  different  than  the 
Honeywell  Time  Share  system. 

A complete  listing  of  the  main  program  and  all  subroutines  except  the  plot- 
ting subroutine  is  provided  in  Appendix  A.  The  plotting  subroutine  is  not 
listed  because  it  requires  a large,  general-purpose  plotting  program  that  is 
uniquely  programmed  for  the  Honeywell  Time  Share  Computer  and  is  of  little 
value  in  other  computer  facilities. 

The  balance  of  the  section  discusses  the  simulation  results  and  tradeoffs  and 
reliability  and  fault  tree  analyses. 


SIMULATION  PROGRAM 
Three-Way  Servo  Valve  Analysis 

Three-way  servo  valve  performance  can  be  widely  varied  by  changes  in  two 
parameters.  One  parameter,  the  pressure  gain,  is  a measure  of  the  change 
in  the  output  pressure  (pressure  on  the  piston)  for  an  inch  of  movement  of 
the  spool.  The  second  parameter,  flow  gain,  is  a measure  of  the  change  in 
output  flow  of  the  valve  per  inch  of  spool  movement. 

Physically  the  pressure  gain  value  determines  the  size  of  the  opening  in  the 
pressure  port  and  return  line  ports  when  the  spool  is  centered  (see  Figure 
36).  With  the  spool  at  the  centered  position  the  output  pressure  is  750  psi, 
half  the  supply  pressure.  If  the  pressure  gain  is  large,  the  openings  in  this 
position,  called  underlap,  are  small.  A small  movement  of  the  spool  changes 
the  relative  flow  areas,  causing  a large  change  in  recoil  force  for  a small 
error  in  gun  position.  In  a constant-force  system  the  intent  is  to  keep  the 
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corrective  forces  low  so  as  not  to  have  large  recoil  force  peaks.  However, 
the  corrective  forces  must  maintain  control  of  the  recoil  motion;  also,  the 
larger  the  underlap  the  greater  the  flow  through  the  valve.  Therefore,  the 
tradeoff  is  force  response  to  errors  versus  hydraulic  power  consumption. 

The  flow  gain  determines  the  width  of  the  pressure  and  return  ports.  The 
width  of  the  ports  also  has  a large  influence  on  the  hydraulic  power  consumed 
and  the  response  of  the  recoil  servo  to  errors  in  the  velocity.  In  conventional 
three-way  servo  valves,  flow  gains  above  200  cubic  inches  per  inch  of  spool 
travel  usually  result  in  vibration  of  the  power  cylinder.  Therefore,  the  value 
was  limited  to  200. 

In  the  computer  simulations,  the  value  of  flow  gain  and  pressure  gain  were 
entered  with  the  input.  A.  subroutine  early  in  the  computer  program  computed 
the  appropriate  underlap  and  slot  width,  and  these  values  remained  unchanged 
throughout  the  rest  of  that  simulation.  This  subroutine  computed  constants 
used  in  the  cam  subroutine. 

Cam  Design  Analysis 

In  each  simulation,  a cam  was  designed  that  was  superimposed  on  the  valve 
lands  in  a subroutine  of  the  computer  program.  The  design  of  the  cam  was 
based  on  the  theoretical  constant-force  system  described  in  Section  III,  The 
principal  function  of  this  subroutine  is  to  determine  the  height  of  the  lands  of 
the  recoil  servo  valve  for  later  use  in  the  program.  The  procedure  in  the 
cam  subroutine  is  as  follows: 

1.  A complete  displacement  and  velocity  cycle  was  computed  for  the 
theoretical  cycle  of  the  gun  using  special  input  data  employed 
only  in  this  subroutine. 

2.  The  pressure  in  the  servo  cylinder  necessary  to  product  the  net 
432  pounds  was  computed. 


3.  The  valve  flow  equations  were  solved  to  determine  the  opening  in 
the  pressure  slot  and  return  slot. 

4.  Using  the  valve  characteristics  computed  in  the  valve  subroutine 
and  the  movement  of  the  gun  from  step  1 the  height  of  the  cam 
lands  were  computed. 

5.  This  value  was  transmitted  to  the  main  program. 


In  the  main  computer  program  the  height  of  the  cam  lands  is  combined  with 
the  displacement  of  the  gun  computed  in  the  main  program  (not  the  displace- 
ment in  the  cam  subroutine)  to  give  the  opening  of  the  pressure  slot  and 
return  slot  (not  the  ideal  opening  in  the  cam  subroutine).  This  process  is 
done  as  a function  of  receiver  angle.  The  force  time  profile  of  the  ammuni- 
tion was  simulated  initially  by  a triangular  gun  chamber  pressure  spike  and 
later  replaced  with  a quadrilateral  pressure  spike.  These  two  representative 
pressure  curves  are  shown  in  Figure  37  with  a measured  pressure  time 
history.  The  force  curves  were  obtained  by  multiplying  by  the  bore  area  of 
the  gun. 


Figure  37.  Servo  Cam  Simulation  Comparison, 
Normal  Firing  Conditions 
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Constant  force  was  assumed  throughout  the  cycle,  and  the  firing  force  spike 
was  defined.  The  theoretical  displacement  and  velocity  of  the  theoretical 
gun  as  a function  of  time  was  known.  The  gun  was  assumed  to  be  firing  at 
the  fixed  rate  of  750  shots  per  minute  (in  the  cam  subroutine  only).  The 
theoretical  displacement  and  velocity  were  known  functions  of  gun  receiver 
rotational  angle.  These  were  computed  in  closed-form  constants  for  the 
force  spike  in  Figure  37  with  34.56  pound-seconds  impulse  and  187.6  pounds 
recoiling  weight.  The  closed-form  constants  are  computed  in  the  valve  pro- 
gram as  they  are  only  needed  once  in  the  computer. 


The  cam  subroutine  is  also  used  to  generate  the  land  heights  of  the  rotary 

valve  spool  which  has  three  identical  sets  of  lands,  to  match  each  of  the 

three  barrels  of  the  Ml 9 7 gun.  j 

Main  Program 

The  gun  dynamics  are  computed  in  the  main  program.  The  firing  rate  is 
input  as  a constant  as  is  the  initial  receiver  angle.  The  angular  position  of 
the  receiver  is  computed  for  each  time  iteration.  When  the  receiver  angle 
reaches  58.5  degrees  the  firing  pin  is  assumed  to  contact  the  round.  The 
force  pulse  is  computed  to  start  after  the  ignition  delay  specified  for  that 
round.  When  the  receiver  angle  reaches  120  degrees  it  is  reset  to  zero. 

At  this  time  the  characteristics  of  the  new  round  are  read  into  the  program. 

The  round  characteristics  consist  of  an  ignition  delay  and  an  impulse  value. 

This  process  is  repeated  until  all  the  rounds  in  the  firing  table  are  read. 

The  firing  table  is  prepared  before  the  computations  are  started.  An  example 
firing  table  is  shown  in  Figure  38. 

! 

The  "maximum  force"  value  in  the  table  is  used  to  define  a ratio  of  the  im- 
pulse of  the  round  compared  to  432  pound-seconds.  The  force  pulse  (quadri 
lateral  in  Figure  37)  is  computed  to  be  proportionally  higher  than  the  one 
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Figure  38.  Example  Firing  Table 


FIRING  TABLE  G$10  (TEN  HOT  ROUNDS) 

ROUND 

NO. 

IGNITION  DELAY 
(SECOND) 

MAXIMUM  FORCE 
(POUNDS) 

1 

+0.0001 

27,648 

2 

+0.0002 

27,904 

3 

+0.001 

28,160 

4 

0 

27,392 

5 

+0.0001 

27,904 

6 

+0.001 

28,160 

7 

+0.002 

27,392 

8 

0 

27,904 

9 

+0.001 

28,160 

10 

+0.002 

27,904 

used  in  the  cam  program  by  the  ratio  for  each  round.  The  purpose  of  the 
firing  table  is  to  enable  the  input  into  the  simulation  of  any  number  of  rounds 
with  arbitrary  variations  in  ignition  delay  and  impulse  such  as  might  be  en- 
countered in  lot-to-lot  variations  in  ammunition  or  from  non-standard  round 
temperature  from  firing  on  hot  or  cold  days.  Misfires  are  included  in  the 
firing  table  as  rounds  with  zero  impulse  ratios. 


The  translational  recoil  motion  is  computed  by  summing  the  forces.  These 
are: 

• Viscous  friction  - constant  coefficient  not  necessarily  the  same 
as  used  in  cam  program 

• Trim  pressure  force 

• Servo  piston  force 

• Firing  force  if  the  cycle  is  within  the  27- millisecond  time  pulse 
(roughly  if  the  receiver  is  between  58.5  and  62.55  degrees  in 
rotational  angle) 

• Misfire  piston  force  if  the  gun  is  far  enough  forward  to  initiate 
this  system  (0.94  inch  forward  of  the  start  point) 
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The  sum  of  the  forces  is  assumed  constant  over  the  0.0001-second  time  in- 
terval. The  sum  is  then  used  to  compute  the  gun  acceleration,  velocity  and 
displacement. 

Recoil  Servo  and  Misfire  Servo  Pressure  Computations 

The  pressures  in  the  misfire  and  servo  valve  are  computed  in  separate  sub- 
routines in  the  following  manner: 

The  flow  in  the  cylinder  is  determined  by  the  velocity  of  the  piston,  the  valve 
port  openings  and  the  compressibility  of  the  hydraulic  oil.  The  equations 
cannot  be  solved  uniquely  and  require  iterative  solutions.  A solution  is  con- 
sidered acceptable  if  the  two  flows,  the  flow  due  to  piston  movement  and  the 
flow  due  to  valve  openings  and  compressibility,  are  within  0.0005  cubic  inch 
per  second.  The  two  equations  are: 

Piston  flow  = Aj  ^ X ^ 


where 


VaWe  now  . (X„,„  + Z ) A„  /(P  -PI  - (X  - Z ) A /F 


= piston  area 
= piston  velocity 
= valve  underlap 

= valve  opening  due  to  cam  height  and  movement 


valve  flow  characteristics 


= supply  pressure 

= servo  pressure 

= oil  volume  in  servo  cylinder 
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BM  = oil  bulk  modules 

dp/dt  = time  rate  of  pressure  change 

SIMULATION  RESULTS 
Recoil  Servo 


The  requirements  are  that  the  recoil  system  function  properly  for  firing 
rates  of  675  shots  per  minute  to  825  shots  per  minute  and  for  ammunition 
impulse  variations  of  ± 10%. 

The  design  selected  has  the  following  features; 


• Trim  Piston 

2 

Area  (in  ) 1 

Pressure  (psi)  582 

3 

Nitrogen  volume  (in  ) 27.6 

• Servo  Piston  - Rotary  Valve 

2 

Area  (in  ) 0.2 

Q 

Flow  gain  (in  /in/sec)  200 

Pressure  gain  (psi/inch)  3000 


The  piston  area  for  the  rotary  servo  of  0.2  square  inch  gives  a range  of  servo 
force  of  0 to  300  pounds.  The  midrange  value  of  150  pounds  combines  with 
the  trim  force  of  582  pounds  to  yield  the  432-pound  force.  This  combination 
gives  the  range  of  recoil  servo  force  from  a minimum  of  282  to  732  pounds. 
Computer  simulation  results  show  that  this  range  of  servo  force  is  adequate 
to  control  the  recoil  motion  over  the  extreme  ranges  of  825  shots  per  minute 
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(10%  high)  and  ammunition  impulse  of  38.01  pound-seconds  (10%  high)  to  675 
shots  per  minute  (10%  low)  and  an  impulse  of  31.10  pound-seconds  (10%  low). 
The  average  hydraulic  flow  rate  over  these  conditions  is  less  than  the  re- 
quired 3 gallons  per  minute  although  there  are  short-lived  peaks  as  high  as 
7 gallons  per  minute. 

Figure  39  contains  the  computed  recoil  force  and  displacement  of  the  weapon 
firing  10  rounds  at  the  standard  conditions  of  750  shots  per  minute,  34.56 
pound-seconds  impulse  and  no  ignition  delay.  Figure  40  is  a copy  of  the  com- 
puter heading  listing  showing  the  input  and  firing  table.  Figure  41  contains 
the  computed- recoil  force  and  displacement  at  a firing  rate  of  825  shots  per 
minute  (10%  high)  and  38.01  pound-seconds  impulse  (peak  force  value  28,  160, 
+10%  high).  Figure  42  contains  the  computed  recoil  force  and  displacement 
at  a firing  rate  of  675  shots  per  minute  (10%  low)  and  31.10  pound  seconds 
impulse  (peak  force  value  23,  040,  -10%  low).  Figure  43  illustrates  the  com- 
puted recoil  force  and  displacement  for  the  firing  table  in  Figure  38. 
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Misfire  Servo 


Considerable  more  difficulty  was  encountered  in  designing  the  misfire  servo. 
The  requirements  for  the  system  are  to  tolerate  two  consecutive  misfires  and 
to  continue  firing  additional  rounds.  The  basic  scheme  for  the  misfire  con- 
trol is  shown  in  Figure  44.  The  major  problem  is  to  smooth  the  forces  used 
to  control  the  recoil  motion  during  misfire  and  bring  the  weapon  back  into 
synchronous  motion  for  firing  subsequent  rounds.  Figures  45  and  46  illus- 
trate the  simulated  performance  for  two  consecutive  misfires  at  the  two  ex- 
treme conditions.  In  these  simulations  the  first  round  is  fired,  the  second 
round  misfires,  the  third  round  is  dudded  by  the  system,  the  fourth  round 
misfires,  the  fifth  round  is  dudded  by  the  system  and  the  sixth  through  twelfth 
rounds  are  fired  normally.  The  top  curve  on  each  figure  is  the  gun  displace- 
ment. Note  that  after  the  second  dudded  round  the  system  controls  the  move- 
ment in  normal  fashion.  However,  the  force  profile  (the  lower  curves)  is 
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Figure  39.  Computed  Recoil  Force  and  Displacement  for 
Standard  Rounds  at  750  Shots  per  Minute 


RUN  number 

date:  :i  ir*  r’-* 

Tlrt:  5:30  am 


anteorce  recoil  sihulrtiom 

(ufrsion:  rotart  June  74.'Rr6) 


data  load  status: 


UMNT 

186.00 

TFRES 

0.00 

PS 

1500.00 

PN 

750 . 00 

ATRin 

1.44 

Bn 

300 . 00 

PG 

3000.00 

PTRIM 

403.66 

UOLl 

1 .60 

crRO 

20.00 

tmx 

1.20 

XHN 

-3.00 

FMX 

:s00.00 

SPCOM 

0.00 

PRINT 

1 .00 

X0 

0.00 

A2 

0.90 

THETA 

6.00 

TRISE 

0.00 

TINT0 

0.10 

01 

0.20 

KE6 

1.00 

CFR 

20.00 

RN06 

79.56 

QC 

200.00 

SRN 

675.00 

BOTAF 

0.00 

TNN 

0.00 

XMX 

1.50 

run 

1000.00 

UOLTR 

27.60 

PLOT 

1.00 

ROSTRT 

0.00 

OLMUN 

602.00 

062 

50.00 

XNUL3 

1000.00 

FIRING  table  is  GGnL2 

Ar,SLUA,XULPAr2,SLU2s  (I.73030  0.««4fil  0.50000  1.03200  0.00651 


Figure  40.  Example  Computer  Program  Recording  of  Input  Data 
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RECOIL  FORCE  (POUNDS) 


(POUNDS)  RECOIL  FORCE  (POUNDS) 


DISPLACEMENT  (INCHES) 


TIME  (SECONDS) 


Figure  43.  Computed  Weapon  Displacement  and  Recoil  Force  at 
750  Shots  per  Minute  for  Firing  Table  in  Figure  38 


Figure  44.  Basic  Misfire  Control  Scheme 


WEAPON  DISPLACEMENT  (INCHES) 


TIME  (SECONDS) 


Figure  45.  Consecutive  Misfires  at  825  Shots 
per  Minute,  High  Impulse 


Figure  46.  Consecutive  Misfires  at  675  Shots 
per  Minute,  Low  Impulse 
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not  smooth  during  the  misfire  stroke.  We  were  not  able  to  reduce  the  two 
spikes  for  each  misfire  to  the  average  of  the  two.  This  misfire  valve  was 
considered  acceptable  although  not  optimum. 

During  the  peak  misfire  stroke  the  gun  travels  1.52  inches  forward  of  the 
start  position,  generates  a recoil  force  in  the  opposite  direction  of  close  to 
1000  pounds  and  requires  a peak  flow  rate  of  8 gallons  per  minute  although 
only  0.5  cubic  inch  of  oil  is  required  during  this  period.  The  misfire 
piston  area  is  0.8  square  inch. 

Safety  Springs 

Two  recoil  system  failure  modes  might  damage  the  weapon  and  helicopter. 

The  first  and  most  probable  mode  is  a hydraulic  failure  shortly  before  a 
round  is  fired  resulting  in  the  recoil  system  not  providing  a retarding  force 
on  the  gun  and  thus  resulting  in  the  weapon  impacting  the  support  structure. 

In  the  worst  case  the  gun  would  not  be  moving  forward  when  fired.  To  pre- 
elude  damage  to  the  helicopter  a set  of  Schnoor  belleville  springs  is  arranged 
on  each  of  the  two  support  shafts  to  absorb  the  load  of  firing.  The  kinetic 
energy  from  firing  is  102  foot-pounds.  Two  parallel  stacks  of  Schnoor 
springs,  ten  in  each,  have  the  capability  of  absorbing  128-foot  pounds  with  a 
■ maximum  transmitted  force  of  9560  pounds,  slightly  less  than  the  9600-pound 

I maximum  limitation  of  the  turret.  A stack  of  10  Schnoor  springs  was  added 

[ to  each  support  shaft  for  the  lessening  of  the  rearward  impact  load. 

( 

f The  second  failure  mode  is  a failure  of  the  misfire  control  system  to  function, 

i In  this  case  the  weapon  would  move  to  the  front  end  of  travel.  The  impact 

[ energy  for  this  condition  is  estimated  at  73  foot-pounds.  A stack  of  8 springs 

on  each  shaft  will  absorb  102  foot-pounds  without  exceeding  the  9600-pound 
force  limit  on  the  turret.  These  were  added  to  protect  the  system  for  forward 
impact. 
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In  addition  two  sensors  are  positioned  such  that,  if  either  the  front  or  rear 
set  of  stacked  springs  is  conf  pressed,  the  firing  line  relay  switches  the 
firing  line  off. 

RELIABILITY  AND  FAULT  TREE  ANALYSES 

Reliability  and  fault  tree  analyses  were  made  to  predict  the  reliability, 
principally  the  number  of  rounds  fired  between  recoil  system  failures,  and 
to  assess  the  likelihood  of  a failure  in  the  recoil  system  producing  cata- 
strophic damage  to  the  helicopter.  Failure  rate  data  of  existing,  fully  quali- 
fied, developed  components  used  in  the  flight  control  systems  of  military 
aircraft  were  used.  Since  the  recoil  system  designed  for  this  contract  is  a 
test  prototype  these  estimates  are  not  directly  applicable,  but  are  indicative 
of  the  potential  performance  of  a fully  developed  system.  The  predicted 
Mean  Time  Between  Failure  is  1619  firing  hours.  With  a firing  rate  of  750 
shots  per  minute,  the  Mean  Rounds  Between  Failure  is  in  excess  of 
72,  500,  000.  This  exceeds  the  contractual  requirement  of  30,  000  Mean 
Rounds  Between  Failure  by  over  2300  times.  At  first  glance  these  estimates 
appear  to  be  extremely  high,  but  when  considered  in  the  light  of  aircraft 
flight  control  hydraulic  components  that  often  function  at  many  times  a min- 
ute and  their  long  life,  the  estimate  appears  more  meaningful  and  realistic. 

The  large  excess  in  the  mean  rounds  between  failure  and  the  requirement 
of  30,  000  would  indicate: 

• The  30,  000  Mean  Rounds  Between  Failure  contractual  require- 
ment will  be  readily  obtainable  in  a fully  developed  system. 

• Aircraft-quality  components  may  not  be  necessary,  permitting 
tradeoffs  in  cost  versus  reliability  in  production. 
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The  fault  tree  analysis  was  made  as  part  of  the  reliability  study.  Again  fail- 
ure predictions  were  based  on  fully  qualified  components.  The  hazard  con- 
sidered was  structural  damage  to  the  helicopter  due  to  failure  of  the  recoil 
system  to  reduce  the  recoil  forces  to  a nondamaging  level.  The  significant 
conclusion  is  that  no  single  component  failure  will  result  in  damage  to  the 
weapon  or  the  helicopter  due  to  the  fail-safe  features  of  the  firing  circuit 
interlocks  and  safety  springs.  These  design  features  effectively  eliminate 
the  possibility  of  catastrophic  failure  in  the  hardware  being  tested. 


SECTION  VI 
ENGINEERING  TESTS 


The  engineering  testing  program  at  Honeywell  primarily  concentrated  on 
debugging  and  calibrating  the  recoil  system  by  small-burst  firings.  A total 
of  505  rounds  was  fired  in  these  tests.  Initially  the  firing  test  program  was 
based  on  20-round  bursts. 

Preliminary  laboratory  tests  were  conducted.  In  these  tests  the  two-piece 
rotary  valve  sleeve  assembly  was  shown  to  be  unsatisfactory  due  to  the  fail- 
ure of  an  epoxy  bond  between  the  two  pieces.  Also,  the  servo  pressure  and 
return  ports  in  the  inner  sleeve  were  found  to  be  inadequate  and  were  in- 
creased from  0.046  to  0.060  inch  wide  in  the  new  one-piece  sleeve  to  pro- 
duce the  flow  computed  in  the  computer  analysis. 


The  g-sensor  valve  was  calibrated  with  the  results  listed  in  Table  1. 

Table  1 . A Comparison  of  Theoretical  and  Actual 
G-Sensor  Trim  Pressures  at  Three 
Temperatures 


Angle 

(deg) 


Theoretical 

Pressure 

(psig) 


Actual  Pressure  (psig) 


Oil  Temperature  (°F) 


0 

398.75 

400 

400 

+45 

490. 74 

500 

508 

+90 

528.80 

545 

555 

-45 

306.76 

285 

285 

-90 

268.60 

243 

242 

The  principal  findings  from  the  firing  tests  are: 


• The  recoil  system  maintained  positional  control  when  firing 
rounds  at: 

- 750  shots  per  minute 

- 675  shots  per  minute 

- 825  shots  per  minute 

- Ammunition  conditioned  at  +165°F 

- Ammunition  conditioned  at  -65°F 

- Two  consecutive  misfires  at  825,  750,  and  675  shots 
per  minute 

- 30  degrees  up  elevation 

- 74.8  degrees  depression 

• The  average  oil  flow  was  2.8  gallons  per  minute. 

• Recoil  forces  were  much  lower  than  conventional  recoil 
adapters,  although  greater  than  predicted. 

• The  failsafe  backup  system  prevented  damage  to  the  recoil 
system,  gun  and  feeder. 

• The  major  deficiencies  are: 

- Recoil  forces  were  greater  than  predicted,  both  in 
recoil  and  misfire  modes. 

- The  g-sensor  valve  did  not  maintain  pressure. 

- Trim  bladders  would  not  consistantly  seal  the  nitrogen 
precharge  pressure. 

- The  shutdown  sequence  was  slow. 
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It  was ’concluded  that  the  recoil  forces,  although  larger  than  predicted  were 
low  and  smooth  enough  to  warrant  continuing  the  program  through  flight  tests 
and  that  the  other  two  major  deficiencies  were  correctable  by  remedial  action 
and  were  not  serious  enough  to  warrant  significant  redesign  or  program  stop- 
page. 

The  remedial  action  for  the  g-sensor  was  to  shut  it  off  and  to  use  a purchased 
pressure  regulator  in  its  place. 

In  the  case  of  the  trim  bladder,  the  failures  were  sporadic  and  only  occurred 
during  the  initial  preparation  of  the  system  for  test,  not  during  the  operation 
of  the  system.  Once  hydraulic  pressure  was  applied,  the  bladder  functioned 
without  failure.  These  failures  were  mostly  an  annoyance;  the  system  had  to 
be  disassembled,  a new  bladder  inserted,  the  system  reassembled  and  the 
hydraulic  lines  purged  before  the  system  could  be  operated.  However,  there 
did  not  appear  to  be  a hazard  from  this  type  of  failure. 

The  shutdown  sequence  is  slow,  not  stopping  the  weapon  at  the  proper  position 
after  the  last  round  is  fired.  The  stop  sequence  allows  the  weapon  to  continue 
forward  into  the  misfire  zone,  resulting  in  a misfire-like  counter- re  coil  force 
at  the  end  of  each  firing.  Remedial  action  would  require  investigation  and  re- 
work. Since  the  burst  is  completed  at  this  time  there  is  no  effect  on  accuracy 
from  the  large  counter- recoil  force.  Therefore,  it  was  decided  to  continue 
the  program  and  accept  this  deficiency. 


TEST  RESULTS 


Figure  47  is  a record  of  the  force  and  displacement  data  for  event  number 
86,  a 10-round  burst  fired  at  720  shots  per  minute.  The  forces  were  meas- 
ured by  strain  gages  on  two  beams  that  supported  the  saddle.  The  displace- 
ment was  measured  by  a rotary  potentiometer.  The  data  was  recorded  on 
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magnetic  tape  and  digitized.  The  calibration  values  were  then  used  to  con- 
vert the  signal  to  force  measurements.  The  force  values  from  each  beam 
were  added,  and  the  data  was  presented  on  a CRT  tube  and  listed  on  a com- 
puter terminal.  Figure  47  shows  the  larger-than-design  peak-to-peak  force 
variations  compared  to  the  smoother  force  curve  predicted.  The  greatest 
peak  value  in  this  burst  is  869  pounds,  the  lowest  is  162  pounds,  with  a maxi- 
mu  m-to- minimum  difference  of  677  pounds. 

This  data  is  typical  of  the  force  traces  even  after  the  extra  ball  bushings  and 
universal  joints  were  added  to  reduce  the  friction  forces.  These  forces  are 
much  smaller  than  the  peaks  of  the  recoil  adapters  that  reach  highs  of  3100 
pounds  and  minimums  as  low  as  -1400  pounds. 

The  large  negative  force  of  -1239  pounds  is  caused  by  the  slow  shutdown 
sequence  discussed  above. 

This  displacement  curve  shown  in  the  lower  half  of  the  figure  is  regular  and 
consistent  with  a maximum  of  1.08  inches  at  the  end.  The  end  of  the  dis- 
placement illustrates  the  slow  shutdown  sequence  which  produces  the  large 
excursion  and  counter- recoil  force  of  -1239  pounds.  The  slow  shutdown 
data  is  typical  of  that  recorded  on  each  run. 

The  forces  and  displacements  of  a 10-round  burst,  event  85  fired  at  818  shots 
per  minute,  are  shown  in  Figure  48.  This  data  was  prepared  in  the  same 
manner  as  event  86.  As  expected,  the  forces  are  higher  and  the  displace- 
ments smaller  at  the  higher  rate  of  fire.  The  maximum  force  is  1001  pounds 
and  the  minimum  is  51  pounds  during  the  burst.  The  displacement  curve  is 
repetitious  and  stable  showing  no  evidence  of  a forward  or  rearward  trend. 

Figure  49  is  a force  and  displacement  trace  of  10-round  burst  fired  at  675 
shots  per  minute.  During  this  burst  the  strain  gage  legs  were  preloaded  to 
evaluate  their  response  characteristics,  resulting  in  the  loss  of  the  force 
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WEAPON  DISPLACEMENT  (INCHES) 


Figure  48.  Recoil  Force  and  Displacement  Versus  Time 
for  Event  84,  818  Shots  per  Minute 
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Figure  49.  Recoil  Force  and  Displacement  Versus  Time 
for  Event  89,  675  Shots  per  Minute 
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data  below  390  pounds.  Also  the  longer  time  for  the  firing  of  the  10  rounds 
exceeded  the  plotting  program  time  scale.  The  major  significance  of  this 
figure  is  the  displacement  trace  which  illustrates  the  displacement  control 
of  the  recoil  system. 

I 

Figure  50  shows  the  forces  and  displacement  of  a six-round  burst  in  which 
the  second  and  fourth  rounds  are  dummies.  The  two  dummy  rounds  were 
included  to  test  the  capability  of  the  system  to  compensate  for  two  consecu- 
tive misfires.  The  operation  of  the  system  in  misfire  is  to  dud  the  round 
following  the  misfire.  Therefore  the  sequence  of  rounds  loaded  is; 

Live,  Dummy,  Live,  Dummy,  Live,  Live. 

If  the  misfire  subsystem  operates  properly  the  result  is  live,  dummy,  dud, 
dummy,  dud  live.  The  typical  cusp-shaped  displacement  trace  of  a live- 
round  firing  can  be  seen  at  0.07  second  and  0.47  second  in  Figure  50.  In 
between  these  two  live  firings  are  two  forward  traces  indicating  the  move- 
ment of  the  gun  into  the  misfire  zone  and  retraction  into  the  fire  zone.  The 
negative,  or  counter-recoil,  force  peaks  reach  a maximum  of  -1550  pounds 
on  the  first  misfire  and  -1259  pounds  on  the  second  misfire, 

TEST  DATA  ANALYSIS 

Considerable  effort  was  devoted  to  determining  the  reasons  for  the  difference 
between  the  smooth  force  curves  of  the  computer  simulations  and  the  rougher 
force  curves  measured  during  the  test  program.  An  analysis  was  made  early 
in  the  firings  and  after  the  firings  were  completed.  Figure  51  is  a force  and 
displacement  curve  for  rounds  11,  12,  and  13  in  a burst.  The  peak  minimum 
and  maximum  forces  occur  shortly  before  and  after  a round  is  fired  respec- 
tively. The  change  in  shape  of  the  displacement  curve  after  the  firing  con- 
firms the  larger  force.  It  was  concluded  that  friction  caused  both  the  mini- 
mum and  maximum  values.  However,  where  the  friction  forces  were  acting 
could  not  be  located.  Additional  ball  bushings  were  added  to  reduce  the 
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friction  on  the  support  shafts  with  little  effect.  It  was  determined  that  large 
friction  forces  could  occur  if  the  gun  was  not  properly  aligned  with  the  rotary 
valve  shaft.  Bending  of  the  shaft  produced  large  friction  forces  between  the 
spoo]  and  one-piece  sleeve  in  static  tests.  Two  universal  joints  were  added 
between  the  rotary  valve  shaft  and  gun.  These  two  revisions  were  shown  in 
Figures  20  and  21,  Section  IV. 

Event  114  was  a 15-round  burst  fired  at  750  shots  per  minute  after  both  modi- 
fications had  been  made . Figure  52  shows  the  forces  and  displacement 
measured  for  the  first  five  rounds.  The  trim  pressure  and  recoil  servo 
pressures  were  measured,  multiplied  by  their  respective  areas  and  added  to 
compute  the  forces  generated  by  the  recoil  servo.  These  are  shown  in  Figure 
53.  The  hydraulic  servo  force  is  close  to  the  theoretical  design  values.  Pro- 
viding viscous  friction  existed,  the  total  force  should  be  constant,  not  the 
jagged  strain  gage  forces  in  Figure  52. 

In  these  tests,  a sharp-edged  orifice  was  located  in  the  return  line  to  measure 
flow.  The  flow  in  gallons  per  minute  is  shown  in  Figure  54  with  the  strain- 
gage-measured  forces.  The  average  flow  is  3.07  gallons  per  minute  with 
spikes  of  up  to  8 gallons  per  minute.  Also  there  appears  to  be  a correlation 
between  the  low  force  levels  and  the  high  peak  flows.  Therefore,  the  misfire 
cylinder  pressures  were  examined  to  determine  if  these  contributed  to  the 
forces.  Figure  55  shows  the  total  hydraulic  pressure  forces  consisting  of 
the  trim  force,  servo  force  and  misfire  force  based  on  measured  pressure. 
The  sharp  minimums  indicate  that,  just  before  firing,  the  high  flow  rate  out 
of  the  misfire  cylinder  is  causing  a pressure  that  is  creating  a significant 
force  that  subtracts  from  the  total  hydraulic  force.  Theoretically  the  mis- 
fire pressure  should  be  zero  at  this  time. 

The  strain-gage-measured  forces  are  shown  on  the  upper  half  of  Figure  55. 
The  inclusion  of  the  misfire  cylinder  explains  the  low  peak  forces  but  does 
not  explain  the  high  peaks.  The  peak  forces  appear  to  be  caused  by  an 
exceptionally  large  value  of  friction  shortly  after  firing.  We  believe  this  is 
due  to  the  pitch-up  motion  of  the  weapon  when  it  fires. 
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Figure  52.  Recoil  Force  and  Displacement  Versus  Time 
for  Event  114,  750  Shots  per  Minute 


Figure  53.  Hydraulic  Servo  Force  and  Displacement  Versus 


Time  for  Event  114,  750  Shots  per  Minute 
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SECTION  VII 

FLIGHTWORTHINESS  TESTS 


An  extended  flightworthiness  test  program  was  conducted  with  the  saddle 
mounted  in  the  M97  turret  which  in  turn  was  mounted  on  a test  stand.  Before 
being  mounted  on  the  test  stand,  the  turret  with  the  recoil  system  and  weapon 
was  subjected  to  aircraft  vibration  in  accordance  with  Mil-Std-810C,  AH-IG 
schedule.  The  only  deleterious  effect  noted  was  the  loosening  of  one  screw 
joint  part  way  through  the  test.  It  was  retightened  and  the  vibration  test 
completed. 

In  the  flightworthiness  firing  tests  the  measurements  recorded  were: 

• Servo  pressure 

• Trim  pressure 

• Displacement 

• Triaucial  acceleration  of  the  nonmoving  portion  of  the  recoil 
system 

• Triaxial  accelerations  of  the  test  stand 

The  data  was  recorded  on  magnetic  tape  and  the  tape  forwarded  to  Rock 
Island  Arsenal.  An  example  of  the  data  recorded  is  shown  in  Figure  56. 

Initially  it  was  planned  to  use  the  turret  control  system  to  direct  the  pointing 
of  the  gun.  There  was  not  sufficient  information  with  the  controller  to  enable 
us  to  assemble  the  control  modules  to  operate  the  azimuth  and  elevation 
controls.  Nor  were  the  personnel  in  the  Army  or  at  General  Electric  famil- 
iar with  the  turret  controls  available  at  this  time.  The  elevation  and  azimuth 
gears  were  mechanically  locked  in  place  for  each  firing. 
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The  recoil  system  controlled  the  motion  of  the  weapon  at 
11,  0 and  -50  degrees  and  gun  elevation  at  azimuths  of  0, 
± 45  and  ± 90  degrees. 


A 250-round  continuous  burst  was  fired  with  no  difficulty. 

The  one  serious  stoppage  occurred  when  a metal  chip 
jammed  the  rotary  valve  spool. 


• Some  minor  problems  arose  with  the  trim  bladder.  The 
last  minor  change  was  thought  to  have  solved  this  problem 
when  the  750  rounds  were  fired  without  bladder  failure. 

The  entire  test  sequence  is  summarized  in  Table  2.  Events  in  which  the 
number  of  rounds  fired  do  not  equal  rounds  loaded  are  discussed  in  the 
following  paragraphs. 

• Event  124  --  This  was  the  event  in  which  a chip  jammed 
the  rotary  valve  spool  as  mentioned  above. 

• Event  193  --  This  event  was  scheduled  to  be  a 250-round 
firing  consisting  of  ten  2 5- round  bursts  with  a 1 -minute 
interval  between  bursts.  Between  the  8th  and  9th  bursts 
the  hydraulic  power  supply  shut  down  because  of  over- 
heating. The  first  round  of  the  next  burst  was  fired  with- 
out the  gun  moving  forward.  The  rear  safety  springs 
stopped  the  recoil  motion  without  damage.  The  rear  safety 
sensor  shut  down  the  firing  relay  preventing  further 
firings.  The  overheating  of  the  hydraulic  power  supply 
occurred  in  the  interval  between  bursts;  during  this  time 
the  weapon  is  in  the  hold  mode.  During  firing  there  is 


Table  2.  F lightworthiness  Test  Summary 


Elevation 

(degrees) 

Azimuth 

(degrees) 

(L-Left  - R-Right) 

Event 

Number 

Number  of  Rounds 

Loaded 

Fii  ed 

0 

0 

120 

25 

25 

0 

0 

121 

25 

25 

-50 

90L 

122 

25 

25 

-50 

90L 

123 

25 

25 

-50 

90L 

124* 

25 

14 

0 

45R 

139 

25 

25 

0 

45R 

140 

25 

25 

0 

45R 

141 

25 

25 

0 

45L 

142 

25 

25 

0 

45L 

143 

25 

25 

0 

45L 

144 

25 

25 

0 

45L 

145 

25 

25 

0 

90L 

146 

25 

25 

0 

90L 

147 

25 

25 

0 

90L 

151 

25 

25 

0 

90R 

153 

25 

25 

0 

90R 

154 

25 

25 

0 

9 OR 

155 

25 

25 

11 

45R 

161 

25 

25 

11 

45R 

162 

25 

25 

0 

0 

193* 

250 

201 

0 

0 

194* 

50 

50 

0 

0 

195* 

250 

201 

0 

0 

196* 

49 

49 

0 

0 

197 

250 

250 

* See  discussion  in  text. 
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no  perceptible  increase  in  oil  temperature,  A hydraulic  short 
circuit  was  later  discovered  at  Aberdeen  Proving  Grounds 
when  the  system  was  in  the  hold  mode  (see  Section  VUI). 

Event  193  was  completed  as  event  194  — two  25-round 
bursts  with  a 1 -minute  interval  between  them. 

• Event  195  — This  event  was  scheduled  to  be  ten  25-round 
bursts  with  10-second  intervals.  The  system  repeated  the 
shut  off  of  event  193.  It  was  completed  as  event  196. 

The  last  event,  197,  was  a rontinuous  250-round  burst.  Tracings  of  weapon 
displacement,  trim  pressure  and  servo  pressure  for  this  burst  are  shown 
in  Figure  57.  There  is  a slight  shift  in  the  displacement  trace  for  the  first 
two  rounds.  The  next  246  rounds  show  identical  displacement.  The  last  two 
rounds  move  further  forward  as  the  gun  is  slowing  in  firing  rate;  the  com- 
puter sequence  shut  the  power  to  the  gun  motor  at  the  end  of  the  248th  round. 
The  temperature  of  the  hydraulic  oil  rose  1 degree  during  the  burst. 
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SECTION  VIII 
FLIGHT  TESTS 


At  the  conclusion  of  flightworthiness  testing,  the  turret,  weapon  and  recoil 
system  were  shipped  to  Aberdeen  Proving  Ground  and  mounted  on  the  AH-IG 
Multiweapon  Helicopter.  This  helicopter  is  a specially  modified  craft  used 
by  Frankford  Arsenal  for  fire  control  and  associated  equipment  development 
tests.  Successful  ground-test  firings  were  completed  at  Aberdeen,  and  the 
helicopter  was  then  flown  to  the  Naval  Air  Station  at  Patuxent  River,  Mary- 
land. Some  2000  rounds  were  fired  from  the  helicopter  in  flight.  After  an 
initial  adjustment,  the  system  performed  perfectly. 

As  ground  testing  began  at  Aberdeen  several  problems  were  encountered; 

• The  accumulators  used  in  the  surge  supply  and  trim  cylinder 
were  too  large  for  the  helicopter's  supply  reservoir. 

• A hydraulic  short  existed  at  certain  settings  of  the  trim 
pressure  regulator. 

• The  round  sensor  exhibited  an  intermittent  open  circuit. 

• The  trim  bladder  repeatedly  failed  when  initially  pressurized 
with  nitrogen. 

Each  of  these  problems  was  successfully  resolved  as  discussed  in  the  follow- 
ing paragraphs. 

The  accumulators  were  reduced  in  size,  and  the  nitrogen  precharge  was 
significantly  increased.  This  resulted  in  the  same  volume  of  nitrogen  in  the 
system  as  tested  in  the  flightworthiness  tests  and  yet  required  much  less 
oil,  resolving  the  problem  with  the  helicopter's  supply  reservoir. 
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The  hydraulic  short  appeared  when  both  the  built-in  trim  pressure  regulator 
and  added  trim  pressure  regulator  were  in  the  hydraulic  circuit  in  the  hold 
mode.  The  flow  rate  at  this  time  was  approximately  10  gallons  per  minute. 

The  hydraulic  supply  used  in  the  flightworthiness  tests  could  accommodate 
the  high  flow.  However,  the  helicopter's  secondary  supply  was  limited  to 
an  average  3 gallons  per  minute  for  recoil  system  operation  as  the  heli- 
copter also  needed  hvdraulic  power  for  flight  control  activation.  The  hydrau- 
lic circuit  was  modified  by  shutting  off  the  built-in  trim  pressure  regulator, 
and  only  the  added  trim  pressure  regulator  was  used  for  all  modes.  This 
modification  resolved  the  hydraulic  short. 

The  initial  ground  firing  tests  at  Aberdeen  were  plagued  with  a large  number 
of  rounds  not  being  fired  in  a burst.  The  difficulty  was  eventually  traced  to 
a defective  round  sensor  which  produced  premature  turn-off  of  the  firing  line 
relay.  When  the  defective  round  sensor  was  replaced,  no  further  difficulty 
in  the  electronic  logic  system  was  encountered.  Approximately  200  rounds 
were  fired  in  the  ground  tests  at  Aberdeen. 

A dimensional  error  in  the  trim  bladder  was  finally  noted  and  corrected. 

Only  one  further  failure  was  encountered  later  in  the  program. 

The  last  trim  bladder  failure  occurred  while  the  helicopter  was  in  the  hanger 
at  Patuxent  River  Naval  Air  Station.  At  the  time,  the  bladder  was  under 
nitrogen  pressure.  Examination  indicated  that  turning  the  gun  manually  had 
caused  grooves  in  the  end  of  the  trim  piston  to  score  the  bladder,  causing  a 
fatigue-type  failure.  The  trim  piston  was  polished  to  eliminate  the  grooves, 
and  the  bladders  were  replaced  before  each  firing.  No  further  bladder  fail- 
ures were  encountered. 

In  the  first  flight  test  on  20  January  1977,  the  trim  pressure  had  not  been 
adjusted  to  compensate  for  the  -15  degree  elevation  of  the  gun.  The  recoil 
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system  allowed  the  gun  to  move  forward  into  the  misfire  zone  after  10  to  15 
rounds  in  a burst.  The  misfire  servo  was  not  able  to  bring  the  gun  back  into 
the  fire  zone  against  the  extra-high  trim  pressure.  The  helicopter  pilot  and 
gunner  could  feel  the  larger  counter  recoil  forces.  On  subsequent  firings 
the  proper  adjustment  in  trim  pressure  was  made  before  flight.  The  next 
1500  rounds  were  fired  without  malfunction  of  any  type  in  the  recoil  system, 
including  the  final  92-round  burst. 

The  flight  tests  consisted  of  firing  250  rounds  (the  special  ammo  can  capacity) 
per  flight  in  bursts  of  20  to  30  rounds.  Altitude,  slant  range  to  target,  air- 
craft speed  and  azimuth  to  the  target  were  varied  for  each  burst.  The  air- 
craft altitude  was  either  1000  or  100  feet,  with  most  of  the  firings  done  at 
1000  feet.  The  aircraft  speed  was  O(hover),  80  or  120  knots.  The  slant 
range  was  primarily  2000  meters,  with  three  bursts  at  1000  meters.  The 
azimuth  to  the  target  was  30  degrees  left  or  right  and  0 degrees  (straight 
ahead).  Frankford  Arsenal  personnel  directed  the  tests  and  will  publish  the 
quantitative  test  results. 


The  pilot.  Chief  Warrant  Officer  Russell  Gardner,  was  enthusiastic  about  the 
success  of  the  recoil  system  in  significantly  reducing  gun-recoil-caused 
vibrations  in  the  helicopter.  In  particular,  he  noted  that  he  could  now  pre- 
cisely fly  the  helicopter  during  gun  firing  when,  previously,  the  vibrations 
precluded  precise  control.  He  also  felt  that  the  helicopter  and  its  avionics 
should  now  last  much  longer  without  the  fatiguing  heavy  vibrations. 

Figures  58  and  59  show  the  helicopter  ground  firing  tests  and  the  helicopter 
lifting  off  with  the  gun/ recoil /turret  assembly.  The  only  change  from  normal 
operation  of  the  gun  is  that  the  pilot  must  turn  on  a switch  to  energize  the 
solenoid  valve  and  provide  hydraulic  power  to  the  turret.  (This  is  the  same 
valve  used  to  energize  the  M28  turret. ) 


The  presence  of  the  recoil  system  with  its  larger  stroke  and  hydraulic  lines 
did  not  interfere  with  the  feeding  of  ammunition  to  the  gun  or  movement  of 
the  gun  in  the  turret. 
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APPENDIX  A 

RECOIL  SYSTEM  SIMULATION 
PROGRAM  LISTING 


A listing  for  the  digital  computer  program  for  simulation  of  a rotary  valve 
constant-force  recoil  system  discussed  in  Section  V is  provided  in  this 
appendix.  The  program  consists  of: 

• Main  Program  - The  input  and  output  data  are  read  and 
stored.  The  computations  in  this  program  consist  of 
summing  the  forces  on  the  weapon,  computation  of  ac- 
celeration, velocity  and  travel,  and  gun  rotational 
angle. 

• Valve  Subroutine  - The  servo  valve  slot  width  and  under- 
lap are  computed,  and  constants  are  used  in  the  cam  pro- 
gram. 

• Cam  Subroutine  - The  cam  parameters  are  computed  as 
a function  of  gun  rotational  angle. 

• Servo  Subroutine  - The  pressure  of  the  hydraulic  fluid  in 
the  servo  cylinder  is  computed  as  a function  of  valve 
characteristics,  cam  position,  weapon  position  and  veloc- 
ity, servo  valve  area,  type  of  oil  and  previous  pressure. 

• Misfire  Subroutine  - The  hydraulic  pressure  in  the  misfire 
cylinder  is  computed  as  a function  of  misfire  valve  charac- 
teristics, misfire  cam  shape,  angular  position  of  the  gun, 
velocity  and  displacement  of  the  weapon,  area  of  misfire 
piston,  oil  type  and  previous  pressure. 

The  following  is  a complete  listing  of  the  main  program  and  the  four  sub- 
routines. 
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F'ftGE 


MRIM  PPDGFFM 


5 CDMMDH 

VPL  '40>  , XO 

‘::300::‘  ! YD  ‘300'  £>  s ID'  NRXDUT'  VNX  <£>  ' VNN  • £>  ' fiX*  SX' 

? 

GUN  1 D 

! 0 

D! MENS  I DM 

NRNS  •:  4 0 ? 3.'  s NRNP  ■:  3::‘ 

£0 

' TItELPV  •;  15>  » PMX  ' 15:>  s NfiMFL£  <,3> 

' VDX  ' .3  0 0 ' 5 ' 

40 

PE PL  MiE 

C'  LE8 

50 

EOU! VGLEN 

CE 

6 1'l 

• VRL  ■ 1 ■ 

' LINNT  ' ‘VRL  ‘ £.>  ? TPPES 

' ' 'VRL  ''  3::‘  ' TPISE  ' 

7 0 

^■VhL'  4- 

' TINTO  ' ? ‘VRL  5:'  'PS 

:•  ! 'VRL  ■:  8.>  ' PN  > 

80 

iA. 

' ' VRL  ■:  7 :' 

'R1  'j'VRL':  8:'?LE8 

' 'VRL-'  9:‘  'RTPIN  ' 

■3 II 

’ VRL.  • 1 O ' 

'BN  ■ ' • VRL a 1' 'CEP 

' ' ‘VRL '1£::‘ f PHD8  ' 

1 0 0 

' ‘VRL  ‘13:> 

' PG  5 ' VRL  •:  1 4:>  ' PTP I N .?  ' ‘ VRL  ‘ 1 5 :•  ' OG 

1 1 0 

X. 

- ‘VRL' 18' 

'SPN  ' ‘VRL  ‘ 17>  ' VOLl 

' 'VRL  ‘ 18> 'CFPD  > 

1 £ 0 

r • VRL  ‘19:' 

' PDTRF  :•  ' ‘:  VRL  ‘£0  ' ' TNN 

' ‘VRL 'c'l  ':' ' TNX 

1 3 0 

' ' VRl.  ‘££:.' 

'VNNl  > ' ^VRL '£3> ' VNXl 

.'  ' 'VRL  '£4'  ? VNN£ 

1 4 0 

■:  ‘VRL  ‘£5? 

' YNX£  > ' ‘VRL  ■::£8>  ' SPCDN  > j 'VRL  ^£7;>  ' VDLTP  > 

150 

• ‘ VRL 

' PLDT  :>  f ' VRL  •:£9>  ' PPINT 

:>  f vVRL  r30':‘  fXO 

1 €•  0 

■ ‘.  VRL  ‘ C-:!  ? 

'PDSTRT>'  ‘ VRL‘::3£:> 'PLINII 

> r.  <Vt=tL  'He  :• 

170 

•*- 

? ‘ VRL  •:;34:> 

'THETR  ■'  ' ' VRL  ■:35;:‘  'C'G£ 

r ■:VHL  'XMUL3  > 

180 

' ’:VRL‘  37:' 

' END  :■  ' •::VRL  ‘ 38::‘  ' FNRN ! 

:i>  *=  ■:VHL'"3'?>  rtHIitMIi:? 

1 9 0 

IiRTR 

£ 0 0 

NRMS ‘ 1 ^ 

1.>'NRNS‘:  1'£>'NRNS‘  IrS 

£10 

'HRMS'-  £^ 

1 ' NRf'Vi; ' £ ' £ :■  r NRN:S  £ ' S 

££0 

fNRM.S  ':  3^ 

i::‘'NRNS‘:.  3'£>'NRNS‘:  3'S 

£3  0 

r MRMS  •:  4 < 

1 :■  « NRNS  ‘ 4 5 £:.'  ' NRNS  4 ' 

£40 

tiHRMS-:  5? 

1 .?  ' NRN:S  5 ? £>  ' NRNS  5 ' S- 

> 

£50 

NR  NS  ■:  8 r 

1 5 NRNS  6 ' £.'  ' NRNS  •:  8 ' -S 

:> 

£80 

< NRNS  ■:  7 ? 

!:>?NRNS‘:  7 f £!>  ' NRNS  7?:; 

'i 

£70 

5 NRNS  •;  8 r 

1 :*  ? NRN:S: ' 8 ' £::■  ' NRN:S:  8 ' :5 

£80 

*NRNS‘  9r 

1 ' NRNS  ■:  9 r £.>  ' NRNS  ' 9 ' :? 

£9,0 

' NRNS  ■:  1 0< 

1 :■  ' NRNS  <.  1 0 ' £.:•  ' NRNS  1 0 5 :S 

3 0 0 

A. 

•r  NRN  S ‘:'  1 1 « 

1 ' NRNS  ‘11'  £>  ' NRNS  •:  1 1 ' :S 

3 1 0 

■:  NRNS  •:  1£? 

1 ' NRNS  •:  1 £ ' £>  ? NRNS  < 1 £ ' 3 

3£0 

-f 

' NRNS  ‘ 1 3 r 

1 ! NRNS  1 3 ' £>  ' NRNS  ‘ 1 3 ' 3 

■> 

'-:30 

^ NRNS  ■:  14« 

1 ' NRNS  ‘ 1 4 ' £>  ' NRNS  ■:  1 4 ' 3 

5411 

' NRNS  '15'. 

1 ' NRNS  •:  1 5 ' £:>  ' NRNS  ■;  1 5 ' 3 

550 

' NRN.S  1 8 « 

1 :>  ' NRNS  ■:  1 8 ' £>  ' NRNS  ‘18'  3> 

380 

' NRNS  ‘:  1 7 r 

1 ? NRNS  ''17'  £.■>  ' NRNS  •:  1 7 ; 3 

370 

! NRNS  S 1 8 ! 

1 5 NRN:S  '18'  c'-'  ' NRNS  ' 1 8 ' 5 

'y 

330 

'NRNS ‘19? 

1 :'  ' NRNS  '19'  £■:>  ' NRNS  ■:  1 9 ' 3 

> 

390 

'NRNSS80? 

1 :'  ' NRNS  ■:  £ 0 ' £.'■'  ' NRNS  <£  0 ' 3 

4 0 0 

' NRNS  ‘.  £1 ' 

1 :•  ' NRNS  '£!'£>'  NRNS  '£  1 ' 3 

'1 

4 1 0 

' NRNS '££' 

1:.'  ' NRNS  '££'  £•:?  ' NRNS  '££!  3 

> 

4£  0 

' NRNS ‘£3' 

1 •>  ' NRNS  '£3 ' £>  ' NRNS  ■:  £3 ' 3 

‘i 

430 

4. 

' NRNS  S£4 ' 

1 ' NRNS  £4 ' £>  ' NRNS  ■ £4 ' 3 

> 

44  0 

' NRNS  ‘;£5' 

1 ' ? NRNS  ' £5  '£::•'  NRNS  '£5 ' 3 

450 

' NRNS  ■:  £8 ' 

1 :>  ' NRNS  ' £8 ' £>  ' NRNS  ' £8 ' 3> 

480 

' NRNS  •:£7! 

1 ' NRNS  ‘ £7 ' £>  ' NRNS  '£7 ' 3 

470 

« NRNS  £8 ' 

1 ' NRNS  ' £8  j £■>  s NRNS  '£8 ' 3 

480 

? NRNS  se9' 

1:?  ' NRNS  '£9'  £•:>  ' NRNS  '£9'  3 

N 

490 

< NRNS  <30; 

1 :>  ' NRNS  '30'  £ ' ? NRNS  '3  0 ' .5 

’y 

500 

!NRNS:<31r 

1 ! NRNS  ' 3 1 ? £■:>  ' NRNS  '3 1 ' 3 

‘y 

51  0 

'NflNS‘:;3£! 

1 > ! NRNS ‘ 3£ ' £> ' NRNS ' 3£  ? 3 

‘y 

5£0 

' NRNS:  ‘ 33' 

1 .>  ' NRNS  ' 33 ' £>  ' NRNS  ' 33 ' 3 

530 

' NRNS  ^ 34 ' 

1 ' NRNS  ':34 ' £>  ? NRNS  ''34 « 3> 

540 

! NRNS  •;  35' 

1 :>  ' NRNS  ' 35 ' £:' ' NRNS  • 35 ' 3 

:> 

550 

M 

'NRNS ‘'38' 

1 '?  ' NRNS  ' 38 ' £>  ' NRNS  ‘ 38  ? 3 

■> 

.1  ! 
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F'flGE  £ 

MftIN  PROePftM 


56  0 

X 

!HRMS':  37?  1>  jNRMS 

570 

X 

! HRMS  •■38«  1>  ! NRMS 

580 

X 

. HRMS •39! 1> ! HRMS 

59  0 

X 

6 0 0 

X 

£HHM!£HHT!£H 

61  0 

X 

'£HTp!£HRE!£HS 

68  0 

X 

r£HTp!£HIS!£HE 

630 

X 

!£HT!!£HHTr£H0 

64  0 

X 

'£HPS!£H  !£H 

65  0 

X 

! £HF’M ' c'H  ! £H 

66  0 

X 

r£HRlr£H  rc'H 

67  U 

X 

! c'HKE ! £H8  ! £H 

680 

X 

! £HRT ! cHP I ! £hM 

690 

X 

<£HBM!£H  !£H 

£HCF.£HP  ■^£H 
!£HPHf£HD6?£H 
! £HPi5 ' £H  ' £H 
f £HPT!£HPIr£HM 
f£HC!i5'£H  ! £H 
£HSP  5 £HM  ! £H 
r£HVt:<£HLl?£H 
f £HCF  j £HRI'r  £H 
•£NPn.£HTRr£HF 

' ir'HT  M ' £Hh  ! £H 

-£HTM^£HX  ^£H 
r £MXM  r £HN  r £H 
'£HXM^£HX  ?£H 
r£HFMr£HR  < £H 
!£HFM''£HX  '£H 
r£H:iP'£Hi:iJr£HM 
r£HVCh£HLTj£HP 
»£HPL!£HC)T>£H 
?£HPPr£HIN?£HT 
?£HX0r£H  ! £H 
r£HPDr£H:iT5£HPT 
?£HUL5£HriP'.£HUN 
f£Hl-l£'£H  ' £H 
!£HTH<£HET5£HR 
'£HOi5'£H£  ' £H 


BESI  AVAILABLE  COPY 


R'iO 

X 

r£HXHr£HUL!£H3 

'980 

!£HEHr£Hri  ! £H 

970 

X 

! £HFH ! £HRM ' £H I S 

'980 

-»• 

r£HEM!£HDEf  £HHr' 

•990 

X 

1000 

HIVRP  - 39 

1 0 1 0 

mr: 

;dut-300 

1 0£0 

XIi-0. 

1 030 

8 - 3£.!70  1 

MSEC  - .00; 

MPITE  <9. : 1 1£:' 

1 1 1 £FDPMRT  ^ ' ! MPUT  £ I F F I PST  PUM ? 1 FDP  CDMT I HURT ! DH ' > 
PERri'9- 11  !!  • II'FI 
1 1 1 IFDPMRT • !£> 

IFaDF!.ECM>  CD  TD  £90 
DO  801  I-1»N!VRP 
801  VRL<!>  - 0. 
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PAGE 


3 


MPIN  PRDGPfiM 


070 

UMNT  - 1. 

080 

TINTO  « . 1 

1 0 0 

WRITE  <8.401> 

110 

4 0 1 

FDPMHT  •: ' I DENT  I F V I NPUT 

1£0 

£07 

PEHri<l»403'  MHMR?  PVHL 

130 

4 03 

FDPMHT ^3H£»E 15. 07 

140 

GD  TD  £0£ 

1^0 

£ 0 1 

PEHIi  •8.4  OG"-  MHMP  < PVHL 

1 G 0 

£0£ 

no  80£  I -1. MI  VHP 

170 

IF  'NHMP'i::'  .NE.MHMS  ■ I?  1 

180 

I F 'rMHMP  '£  ' . ME . MHMS  I . £ 

18(1 

I F ' NHMP  ' 3 ' . EO . MHMS  •:  I ? 3 

£00 

8 0£ 

C DMT  I HUE 

£10 

WPITE-8*404'  MHMP 

££0 

4 04 

FDPMHT  •:3H£.  MDT  HM  I 

TD  yuci 


GD  7 □ c'  0 1 

£03  IF  a- 'MIVAP-S) 


£ 04  !t  £ 05  If  £ OG 


PKE-KEG*MSEC#MSEC 

PHD-PHDG^MSEOMSEC 

MFCT«1 

VP  ^ 100. 

HP  - 100. 


MSI  K 


« I 


:;i  cflW 


i 1 £5  0 

£ 04 

VHL  • I .'•  - PVHL 

[ 1 £8  0 

GD  TD  •£01. £07'.  IDF! 

^ 1£70 

£08 

IF’ I. EG. MI VHP'  STOP  PWNEMD 

t 1£80 

|•'D  ""^D  •£08'£0^8'.  I DF  I 

p !£80 

£ 08 

PFHO  • ■=■.  40:-;'  MHMFL£ 

i 1 ? 0 0 

yO  "^D  £10 

' 1310 

£ 08 

PEHIi  •1.4  03  :•  MHMFL£ 

1 3£  0 

£ 1 0 

CHLL  DEF  IME  '£?  MHMFL£:> 

• • 

1 33  0 

PEHrf.£.405>  MPMDS.  •:  TDELHV  •:  I > . FMX  •:  I ' . I-l.MPMDS' 

1 34  0 

405 

FDPMHT  ' I£5  •■'.  •:£E15.  0>  ' 

• 

' 1 35  0 

GO  ■^D  • £01.£07>.  IDF  I 

1 38  0 

£05 

PWMJD  - PWMID  1. 

J 

1370 

PHIJ: 

iE  OLE HP  SCPEEN 

1400 

£ 1 ! 

WPITE’:8.408>  PWMID 

1 4 1 0 

4 Or. 

FDPMHT •! IX? 'C  D M S T H M T F D P C E P E C D I L 

14£0 

3 I M U L H T I D M 

1430 

£5X.  ■■■  •:VEP:i  IDM:  PDTHPY  JUME  74.' PFG>  ' PUM  MIJMFEP  ' F4,0> 

14411 

CHLL  HCCMT':i> 

1450 

MVHP  ==  MI  VHP  - 3 

1 48  0 

WRITE  <8. 40£>  • 'MHMS  <!?.J>  ? .J-1'3'.  VHL^lT?  !-l.MVHP> 

1470 

4 0£ 

FDPMHT  I..'.'-.  'DHTH  LDHD  STHTUS:  ■ ..■..■?  4 •CSHc' . F8  .£.  4X>  > 

148  0 

WRITE <8. 41 1>  MHMFL£ 

1480 

411 

FDPMHT '.'■? -FIR IMG  THBLE  IS  . 3H£:.' 

1 5 0 0 

r - 0. 

. \ 

1 5 1 0 

X - X0.'1£. 

15£0 

XD  - 0. 

1530 

XDD  ^ 0. 

153£ 

GLIM  ID-RUM  ID 

1534 

SPC-SPCDM*34. 58*  •:.SPM-750.  > '■  • GO.  ♦HTRIMT 

1 538 

BX-TMX 

1538 

SX-TMM 

1540 

XP  - 1 0 0 . 

1550 

FFIRE^O. 

155£ 

XNUL  L - XMUL  3*M.S  E C 

1 00 
1 00 


PAGE  *t 
MPIN  PROGPRM 


*590  PM  - G'llMNT 

1G02  DD  SO  I==l?NPNIiS 
1 6 03  TDELfiV  < I > "TDELflV  < I > ♦MSEC 

*604  so  CDMTIMUE 
’6!0  TPPESS  - TPPES^MSEC 

16S0  TPISES  - TRISE^MSEC 

1630  TINT  - TINTO^MSEC 

*640  TENIi  - 100. 

164£  THDLD-1000. 

1650  VMN':  l>  « VMNl 

1660  YMN'£>  « VMN£ 

*670  yMX<!>  « YMX* 

1 6S 0 YMX  < .£>  -YMXc' 

1690  Z~0. 

1700  TF0PCE--=1 000. 

1710  TFMX-1000. 

17£0  TFD-IOOO. 

1730  Pl^PM 

1731  LDUT  -0 

1731  PMFF-0. 


173£ 

1760 
1770 
1 7S  0 
1810 
18£0 
1830 
1840 
1850 
1860 
1870 

1875  807 


PMFP«0. 

OPVG- 0 . 

088- 0 . 

FLON*-:  -SOFT  <£  ••  PHD> 
NNN^-1 

fcP-tBM.' MSEC 
ID  ==  0 

ro  805  I-lrM8XDUT 
XQ''!.''  ==  0. 

DO  807  JJ^lrS 
YDX  ^ I ? J' -0. 
CONTINUE 


1876  HO  805  J--=l!£ 


1880  YO  < I f “ 0 . 

1890  805  CONTINUE 

19S0  FTP8Nr:  'PTPIM-SPO  ♦8TRIM^  ' VOL TP.  <VDLTP+1£.  ♦X^8TPIM^  :>  ♦♦! 

19££  -PMFF^8£-P1^81-CFP^XD 

1930  FT1-FTP8N 

1 94  0 C8LL  GVL V4  0 ■:  PHD  j OG  r PG » PS  s PM « 8 1 < 8£ . ZP r XULP  ■>  8F . PSSP 5 

1950  FP.CFPDf  SPM!t881  .XrilMfXlMjXDc'MjXZMrOGZKPFE? 

1 96  0 XIi3M r X3M  ? S FP8N  ' 

1961  IF'PDSTPT>581?5S£'-58£ 

1963  581  irc^i 

1965  PDT8-l£0.-'-PDSTPT 

1966  GO  TO  £85 

1967  58£  PDT8==PDSTPT 

1968  ITC-£ 


4 


1971  584  DO  804  NPNIi:--!  ? NPNHS 
197£  FTMN^FTl-£0. 

1874  FTMX"FTi.f^ri, 

1975  £85  IF"ITC.GT.£:?  .8NIi.  'MFCT.GT.  1>>  GO  TO  73 
1980  ID  - ID  5 1 

1990  XD^ID'  T 

£000  YD'^ID'i:'  - X*l£. 

£010  YD'ID'£:’  - FTP8N 

1- 

t 


1 


BEST  AVAILABLE  COPY 
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5 


PRCE 
MR!N  PPnfiPftM 


£0£0 

VDX':IDrl>  = XE 

£030 

VDX':ID.£>  - PI 

£031 

YDX-::iD<  3:?-PDTR 

£03£ 

VOX 'ID? 4? -PMFF 

£ 033 

PITC==ITC 

£035 

VOX  < IDr  5> -RITC 

£ 04  0 

IF • ID.GE.MRXDUT> 

GD  TD  360 

£ 045 

73  MFCT-MFCT-i-l 

£050 

IF •NFCT.LT.£1>  GO 

TD  £86 

£ 06  0 

MFCT-l 

£080 

•-■’0  TD  ii’Sfc* 

£ 08  0 

3e>0  I IRITE '8?  408> 

NRNE*  NPNES 

£100 

4 08  FDPMRT<:^  -r ♦ ♦ 

DUTPUT  DVEPLDREEE 

£110 

- 'PDIJNE  ' ?!£.'■  OF 

'fia-:'’  PDUNE  BURST 

£ 1 £ 0 

PRUSE  CLERP  SCREEN 

£1££ 

GO  TD  £££ 

£130 

£88  IF'PLDT.EO. 0.> 

GD  TD  £80 

£140 
£150 
£160 
£170 
£ 1 £ 0 
£181 
£ 1 8 0 
£181 
££00 
££01 
££1  0 
££1£ 
££14 
£££0 
££3  0 
££4  M 
££5  0 

££6  n 
££?  0 
££8  0 
££80 
££8£ 
£38; 
£38£ 
£480 
£480 
£481 
£483 
£5 1 0 
£51£ 
■ £530 
£54  0 
£550 
£560 
£570 
£580 
£580 
£600 
£601 


I ! 1 ■?  -r  VOX  ' 

•'  I ! £>  * 

VEL 

PI' 

•:FPS:? 

^psi:' 

. 0?  > 

VOX  • I S 3 


c"hO 


4 07 


£86 


rPlL  CHPIN  '/PLDTj'? 

£8;-  IF'PPINT.EO.  0.>  GD  TD  £88 
IIPITE-:8?  l£34:>RUN:ri 
l£34FaPM8T  <'  PLIN  MUMBEP  'i'F4,0r  .''> 

l ip  I TE  ' 8 ? 4 08:>  <xa  ■:  I > f VD  a ? 1 > f va  ■:  I ! £> 

■*■  vnx  • r j 4> . vox  < i ? 5:>  ? i - 1 ? i □> 

4 08  FDPMRT.'>  ' TIME  HISPL  TFDPCE 

PDTflr  PMFF  ITC'!.> 

-■ '.MSEO  <IN.>  •LBS? 

'■  ':deg>  •:;psi>  ' f 

'F6.4tXrF8.3!F8.  0!F8.3jF8.  0!F8.£<F8.  0fF3.  0 
PRUSE  COMPLETE  LISTIMG 
GD  TD  £8'8 
IDF!  r.  1 
IJRITE<8»407> 

FDPMRT"- INPUT  NEXT  PUM  ERTR: ' s v? 

GD  TD  £01 

CRLL  GNCRM  <PDTR  s X 1 M » XE 1 M s X£M ? XE£M » X3M < XE3M > PTP I M . RTP I M 
! FR  ? SPM . PS  j RR 1 ! XIJLP  ? RF  < Z ? SFPRN  r VDLTP  i.  R 1 > 

C RLL  GVPP33  ^ PS  ? P 1 ? PSSP  ? X ? XE  s Z ! RR 1 ? R 1 ? R£ « E V » EELP  ? P£ ? 

- XULP  ? RF  - VDL 1 ? PK  E - BB ? T I MT  j T j NMN » NO ? ORR  j C'RVG » TO •>  BF  r P> 

IF  ■::MMM.E0.£>  GO  TO  £££ 

CRLL  GMFIP  <PS  j PSSP?  Xf  XE<  RRl » R1 ! R£i>  PDTR*  CFP-  RFc  ? THETR.  XMULL. 
PMFF . RF  r PK  E ? BB  ■>  T I NT  r T ! NNN  r LDUT> 

TINT-. 0001 
T-T-^T  INT 

PDTR-SPM*£.  ♦T  INT-i-PDTR 
IF 'POTR.GE. 1£0.>  GD  TD  8£0 
IF'T.GT.TENE?  GD  TO  £££ 

IF 'T.GE. THOLE?  GD  TD  £81 
I F < <T . GE . TFDPCE> , RNE . <T . LE . TFMX  ? > 

IF<<T.GT.TFMX?  .RNE.  •:T.LE.TFD>>  GD 
IF<rT.GT.TFO>  GD  TD  £81 
IF':PDTR.GE.58.35>  GD  TD  800 
TO  £81 

TINT-'1£0.-PDTR?/'<SPM^£.>1-.  0001 
PDTR^O. 

T-T-.  COOl-i-TINT 
TFDPCE-1000. 


5 0 


GD  TD  £5£ 
TD  £53 


GD 

8£0 


Pl=IGE 


6 


MR  IN  PROGRAM 


i;i'5 

£605 
£610 
£61£ 
£614 
£616 
£618 
£6£0 
£641 
£64£ 
£643 
£645 
£647 
£650 
£66  0 
£67  0 
£68  0 
£680 
£700 
£701 
£703 
£711 


TFMX-1000. 

TFD^IOOO. 

IF'ITC.EC'.£>  GO  TO  50 
!F'!TC.E0.5>  GO  TO  818 
ITC-ITC-^1 
GO  TO  50 
818  !TC-£ 

GO  TO  50 

815  OPITE';8?6688>NPNri!T!pDTA 

6688F0PMAT  ■: ' POUND  NO' - !4.  ' INHIBITED  AT  T IME  ' f F7. 4r 
AND  ANGLE' fF8.£> 

I TC-5 
GO  TO  £81 

■=•  0 0 TINT-'  58 . 35-PDT A:>  •:  SPM*£ . > . 0 0 0 1 

Tr:T__  nnOl^TTf-^T 

P0TA--^58.  35 

TFOPCE-T-'-TDELAV  <NPND> 

TFMX-TFDPCE-t-TPISES 
TFOr^T-'-TPPESS+TDELAV 'NPND> 

GO  rO  £81 

£5£  IF'ITC.EO.4::'  GO  TO  815 
IF'ITi:.GE.3:.'  GO  TO  £81 


SEC 


C.  (■  1 c 
£7£0 
£730 
£73! 
£74  0 
£750 
£75£ 
£753 
£754 
£756 
£760 
£77  0 
£77£ 
£78  0 
£7'=*0 
£800 
£810 
£8£0 
£83  0 
£84  0 
£85  0 
£86  0 
£87  0 
£880 
£880 
£800 
£810 
£81 1 
£81£ 
£8£0 
£8£5 
£830 
£840 
£850 


I F • FMX ' NPND> . LE . £ . > GO  TO  3 0 0 
FFIPE  - FMX'NPND^^^T-TFOPCEVTPISES 
GO  TO  155 

£53  IF ' ITC.GE.3:'  GO  TO  £81 

FFIPE  FMX'NPND:'*'TF0-T>.'  ■:TPPESS-TPISES> 

GO  TO  155 
300  !Ti:-3 

UPITE  '8<6677'NPND<  T?POTA 

6677F0PMAT  ' POUND  NO . ' ? 1 4 ? ' M I SF I PED  AT  ' 5 F7 . 4 « ' SECONDS ? ' • 
'POIATIONAL  ANGLE  0F'5F8.4?> 

£8!  FFIPE==0. 

1 55  FTP  AN-  ' PTP I M-S  PC>  ♦ATP  I M^  VOLTP^  < VOL  TP*  1 £ . ♦X^ATP  I M ' > ♦♦  1 

* -PMFF^Ac'-Pl^Al-CFP^XD 

£73  XDDN  ^ 'FTPAN  - FFIPE.' ♦PM 
XDA  - XDDN^TINT 
XA  - 5^XDA  * XD>^TINT 
XDN  - >:D  * XDA 
XN  - X * XA 
IF'X.EO.  O.  :?  GO  TO  £8£ 

XP  - XN.-  X 

£S£  IF'XD.EO.O.?  GO  TO  £83 
VP  - XDN.-  XD 

£83  IF'XDD.EO.  0.  ;'  GO  TO  £84 
HP  XDDN.'XDD 
£84  X - XN 

XD  - XDN 
XDD  - XDDN 

I F ' ' I TC . EO . 1 > . AND . ' POT A . EO . 0 . > > GO  TO  584 
IF'ITC.EQ.  1:.'  GO  TO  £85 
850  IF'POTA.EC. 0. > GO  TO  804 
!Ff!TC.GT.£>  GO  TO  £85 
IF'XP.LT.  0.  .>  GO  TO  £85 
IF'VP.LT.0.>  60  TO  £85 
IF'NNN.EC'.3>  GO  TO  £85 


4 
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PftGE  7 


. « 


M«!N  PPDGPfiM 


i' 

I 


2960  IF<ftR.LT.O.>  GO  TO  285 

2970  IF<T.GE.TEND>  GO  TO  285 

2972  IF<FTRfiN.GE.FThN>  GO  TO  820 
2974  FTMN«FTRfiN-20. 

2976  GO  TO  285 

2978  320  IF'FTRftM.LE.FTMX:'  GO  TO  286 

2980  FTMX«FTRfiH-*-20. 

2982  GO  TO  285 

3000  804  CONTINUE 

3010  TEND==T-^R0TflF-'<2.*SPM> 

301!  THOLD-T 

3020  TFORCE^'IOOO. 

3030  TFMX«!000. 

3040  TFO-1000. 

3044  fmx<:nrnd>-o. 

3050  60  TO  285 

3060  222  CfiLL  RCCNT<2:> 

3070  235  IIRITE  <9.4!0:>  IO»  OGftr  TO.  ORVG 

3080  410  FORMftT  <'<'■.  !3?  ' OUTPUT  D8T8  POINTS  6ENEP8TEIU  ^ . 'V , 

3090  'FLOU  Max  - ? FI  0.2.'  CU.-IN'SEC  '.F8.4.'  SEC.'.'. 

3100  * 'FLOU  flVERRGE  - '.F8.2.'  CU. -IN. 'SEC  . ' . • 

3110  PftUSE  OUTPUT  PEfiliV 

3120  GO  TO  288 

3130  END 

3140  SUBPOUT  I NE  HCCNT  ' IENTPV> 

3150  GO  TO  <20!.202>5  IENTPV 

3160  201  CfiLL  DfiTECIM. ID. IY> 

3170  CfiLL  TIME<SEC> 

3180  IMP  - SEC'3600. 

3190  MIN  =.  '.SEC-FLOfiT<IHP>»3600..''60. 

3200  fiPM  ' fiM  ' 

3210  !F<!HP-12>  203.204.205 

3220  205  IHR  - IHP-12 

3230  204  fiPM  - ' PM  ' 

3240  203  UPITE <9.401?  IM.  ID.  IV.  IMP.  MIN.  fiPM 

3250  401  FOPMfiT<.-"DfiTE:  ' fi2f  ' -'fi2. '-'fi2.  ' 

3260  'TIME:  ' 12.  ' : ' 12?  2fi2. '? 

3270  CfiLL  CPTIME <SEC1> 

3280  RETURN 

3290  202  CPTRS  - CPTIME <DUM!>  - SEC  1 

3300  WRITE <9? 402?  CPTRS 

3310  402  FDPMfiT'."'THIS  SIMULfiTION  REOUIPED  'F6.2.'  HCN  CP' 

332  0 ' SECONDS.'-'? 

3330  PETUPN 

3340  END 


PftGE 


4 


VftLVE 

1000 
1010 
1 02 II 
1 03  0 
1040 
1 05  0 
I 06  0 
10?0 
1 08  0 
1 080 
108! 
1 082 
IlOO 
1110 
1120 
1130 
1 140 
1150 
1160 
1 170 
1 180 
1180 
1200 
1210 
1220 
1230 
1240 
1250 
1260 


SUEPQUT INE 


SLiEPOI.IT  I ME  GVL V4  0 ■ PHD ? OG « PG i.  PS « PM?  R 1 » H2 1 2P » XULP»  RF . PSSP . 
-I-  FR . C FPD ? SPM . RR 1 j Xn  1 M » X 1 M 4 XD2M»  X2M4  0G2 » RF2 » 
xusm^xsmj  Sfprn:.' 

Cl-SOPT^PS-PM.- 
C2-S0PT 'PM> 

HF-i'IG^RI  ^C!-i-i:  2> 

ZP-PHPG 

SLHR-RF  ' SOPT  <2-'PHD> 

XULP-PS.'PG 
PSSP-SOPT  ':PS> 

RF2-OG2^R2.'PSSP 
SLU2-RF2.^S0RT  <2'^PH0:> 

SFPRM=34.56/. 080 

SPM==32.  1?4''!87.6 

GPRF-  ' -SFPRM-i-PTP  I M#RTP  I M > R 1 

FR--4CFPri.-Rl 

RR1«R1*12. 

XDIM-SFRRN*. 0388 
X!M-.5*xriM*. 0388 
CC2-SFPRN-12800. 

CC3-SFPRM-25600.  '^3. 

XD2M-.  0006♦CC2•^XD!M 
X2M- ':.5^CC3^.  0006-i-XIi!M>  *.  0006-i-XlM 
Xri3M-CC2*.  002!-i-Xri2M 

X3M-  ' . 5«SFPRN-256 0 0 . ^ 3 . > ♦ . 0 02 1 ♦ . 0 02 1 +Xri2M* . 0 02 1 ■‘X2M 
LIP  I TE  ^ 8 4 1 088>  RF  4 SLL.IR  4 XULP  4 RF2  4 SLL.I2 
1 088FDPMRT  ^ ''RF4  SLI.:IR4  XIJLPRF24  SH:.I2-'  4 ^FG.  5 ? 

PETUPM 

END 
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CFIM  SUBPDUTINE 


1000  SUBPOUr  ! NE  6NC  RM  rPDTR  ? X 1 M » XU  1 M . XaM . XIi£M !.  X HM  XIiSM  f PTP I M - R^p  I M 

1010  + jFRjSPMcPSjRRIjXULPjRFjZjSFPRM. VDLTP.Rl? 

loeo  POTRK==PDTR' 1500. 

10?0  IF^  (POTR.GE.  0.  ;?  .RNIi.  <PDTR.LE.58.  ;35>  > GD  TD  20 

1040  IF<'PDTR.GE.58.35>  .RND.  •::RDTR.LE.59.£5>:>  GG  TD  30 

1050  IF'  PGT R . GE . 59 . c:5>  . RNB . • RDTR . LE . Gc! . 4>  > GU  TD  4 0 

I 060  IF  •:  - POTR,  GE.  6£.  4>  . RNB.  •.PDTR.  LE.  1£0.  GD  TD  50 

1070  IFCPDTR.GT. 1£0.>GD  TD  70 

1080  £0  Xn-SFPRN^PDTRR 
1090  X-.5^XD*PDTRK 

1100  GD  TD  60 

1110  30  PI NC -PDTRK- . 0389 

I I £ 0 XD-  •:  SFPRN-£  1 333333 . ♦P I NO  I NC+XB 1 M 

1 1 3 0 X-  •:  •; . 5^^FPRN-7 1 1 1 1 1 1 . ♦P I NC  > ♦P I NC-^XD  1 M > ♦P I NC  +X 1 M 

1 1 4 0 GD  TD  6 0 

1150  40  PINC-PDTRF-. 03950 

1160  XD-  ' SFPRN-£56  0 0 . +6  095£38 . ♦P I NO  ♦P I NC  ■^XD£M 

1170  X-  ? . 50SFPRN- 1 £8  0 0 . > ■^■£56  0 0 . • . 0 1 £6^P  I NC  > ♦P I NC  ■^XD£M:'  ♦P  I NC  ■'•X£M 

1180  GD  TD  60 

1190  50  PINC-PDTRK 0416 

1 £ 0 0 XD-SFRRN*P  I NC:+XD3N 

1 £ 1 0 X-  . 5*SFPRN*P  I NC  -^XIiSM  > ^P I NC :+X3M 

1££0  60  P£-  <-SFPRN+PTPIM*RTPIM*  'VDLTP.'-  ^VDL  TP+ 1£ . ■•SPM^X^RTP  IN  > ' 1 , 4 :•  'R1 
1£££  + -XD^FR^3PM 

1 £3  0 C3-'i OPT  ':PS-P£> 

!£40  C4--'-^OPT'P£> 

1£50  C!--RRl^XD*:iPM 

1 £6  0 7V-  •:  0-XlJLP*RF*  ' C3-C4>  > y ' <C:3+C4  > ♦RF> 

1£70  Z=^1£.^SPM^X-2V 

1£80  GD  TD  90 

1£90  70  MPITE '^9?  1 000> 

1300  lOOOFDPMRT ORNGLE  TDD  LRPGE'> 

1310  f-RK-l 

13£0  90  PETLIPN 

1330  END 


PHGE 


SEPVn  SUBPOUTINE 


1 0 0 0 

SUBPnUTINE  GVPP33 'PS*  PI s PSSPj 

1 0 ! 0 

+ XULP  f HP  * VDL 1 5 P^  E ! BE ! T I NT  * T * 

! 0£  0 

EPP-. 0005 

1 0 50 

K-1 

1 040 

1 05  0 

PR-P 1 

OG  0 

2V-12.*X-7 

1 07  0 

CP'-RRl^XIi 

1 08  0 

I F ' ' CP . LT . 1 . . RND . • OP . GT . - 1 . ■ 

1 O'?  0 

EPP-. 0005*RBS 'OP> 

1 1 0 0 

1 0 

B1-■:XULP■^^V?  ♦RF 

1110 

B2~  ':  XLILP-ZV’>  ♦RF 

1 Ic'O 

IF'ZV.GT.XLILP>  GD  TO  50 

1 130 

IF'ZV,LT.-XULP>  GD  TD  60 

114  0 

GD  TD  70 

1150 

50 

B2-0. 

1170 

GD  TD  70 

1180 

6 0 

Pl-0, 

1200 

70 

VnL=*VDLl-Rl*12.*X 

1210 

I F ' VDL . LT . . 0 0 1 ' GD  TD  36 0 

1220 

BC-  'Ft  E+S'DL  • BB:>  - TINT 

1 23  0 

IF 

■PI.  GT  . 150  0 . > GD  TD  SZS- 

1 24  0 

60 

Cl-SOPT  ^P:S  -P1> 

1250 

i:2-soPT  'Pi:> 

1 c't  0 

CIB-B1^C1-B2*C2 

127  0 

OZB-OP-^BC^  <P  1 -PR> 

1 28  0 

0EP-01B-02B 

1290 

I F < 'CEP . LT . EPP>  . RNIi . 'CEP . GT . - 

1 3 0 0 

IF'::J.GE.2;:'  GD  TD  6 00 

13!  0 

0MRX-B1*PSSP 

1320 

0MIN--E2*P:iSP 

1330 

riO.-:OP-BC>*PR 

134  0 

Q 1 5-op+BC  *'1500. -PR> 

1350 

ni^^SOPT^l.:' 

1 36  0 

II2-S0PT  <1499.  > 

1370 

QM-Bl^rn-BZ^DZ 

1380 

005--=B1*D2-B2^B1 

1390 

IF<015.LT.0MIN>  GD  TD  300 

1400 

I F < <0 1 5 . GE . CM I N > . RND . <0 1 5 . LE . 0 

1410 

I F ■ 0 0 . GT . OMRX>  GD  TD  3 05 

1420 

I F ' ' 0 0 . LE . OMRX>  . RND . ■:  0 0 . GE . 0 05 

1440 

600 

J- J-’-l 

1450 

620 

DODP«- . 5*  ' B 1 C 1 -^BZ- 1:2> 

1460 

PC«  '01B-0P-D0DP*Pl-’-BC*PR>  - ' BC- 

1470 

IF<PC.LT..5>  GD  TD  635 

1480 

IF^PC. GT. 1499.5>  GD  TD  636 

1482 

T 

F <.J . GE  .501  GD  TD  38  0 

1490 

P 

1«PC 

1500 

GD  TD  80 

1510 

635 

Pl«.5*Pl-’-.25 

1520 

IF'Pl.LE. 1.'  GD  TD  260 

1530 

GD  TD  80 

1540 

636 

IF<K.GT.1.>  GD  TD  250 

’550 

PI 

«.5^P!-’-749.5 

1560 

IF'Pl.GE. 1499. > GD  TD  250 

1570 

GD  TD  80 

en  TO  1 0 


GO  TO  500 


■>  GO  TO  <?50 
GO  TO  c'GO 


AVMIABIE  COPY 
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J 


PAGE 


iEPVD  SMEPDUTINE 


a:?0  P1-149A.5 
GD  TO  500 
£G0  Pl-,5 

GD  TD  500 

3£'5  015-C'P-^FC*  ■:  1500.  -PA> 

OMAX-— Ecl^PSSP 
IF-0I5.LT.DMAX>  GD  TO  300 
P!- 1433. 5 
GD  TD  30 

?00  ODI.iT--Fl-I'c:*S:iTPT  ' 1501 . > 
ni  E-riDUT 

! P ^ C 1 5 . GE . i:iDIJT>  GD  TD  335 
Pl-1501 . 

3c'e‘  DI'  1 npT  P 1 - 1 5 0 0 . • 

HDc-SOP'f  ^Pl- 
i:'iE--'-Pi*ririi-fce*riri£ 
u£E;-op-^Bi:  ♦ ' p 1 -pa;? 

0EP==i:'lE-0£E 

!F'  •OFP.lt. EPP:>  .AND.  ■:0EP.GT.-EPP:?>  GD  TD  540 
DODP=^- . 5*  • H 1 ■ DD 1 DDE  ? 

PO-  '01  p-Op-DODP^Pl-MiC^PA?  ■'  •: BC-DODP.'? 

► -L  1 

IF't. GT.30'  GD  TD  330 
Pl-Pf 

i5n  TD  3£6 
P’r^lSOl. 

GD  TD  300 
:.'05  PI --=.5 
3 1 0 MMN-MNN-*-£ 

IF^NNM.EO.S'  GD  TD  3£0 
GD  TD  540 

33  0 I IP  I TE  ■:  3 ! 1 5 0 0 ? T r J r L s P 1 ? PC  r 0 1 B ; Q£B  s EPP 

1 5 0 OFDPMAT  < ' ND  SDLLiT  I DN-T  ? J ? L < P 1 5 PC  r 0 1 B ? Q£E ? EPP-  'G  x , 

F6.4^£I4*£F10.£j£F10.4TFG.3s  -'r '■INPUT  PI  ID-l-REPEAT  J 

!li--=£-PEPEAT  P !D-3-TEPMINATE''> 

PEAD  ' ‘3 ' £ 0 0 0 ? P 1 
£ 0 0 OFDPMAT  ■: F 1 £ . 0 ? 

GD  TD  300 
33£  MMM-£ 

GD  TD  300 

5 0 0 I F ' NMM . GT . 3?  GD  T D 34  0 
MNM- 1 
GD  TD  540 
3£0  MPITE  •:3?  1 1 00> 

1 1 0 OFDPMAT  ' FLDU  CDMD ! T I DNS  NDT  MET  > 

3£1  l:iPITE '3- 1£00>  T<  PA?  PI  ? ZVr  OP?  B1  * BE?  X?  XDs  2 
l£O0FDPMAT'  '-T?PA?P!  ? 2V?  OP?  El  ? BE-' ? FS.  4?  £F3.  £?  4F1  0. 4?  x- , 

X? : D?  2~'' ? 3F1  0. 4’ 

GD  TD  540 

330  I IPITE '3-  1300?  T' X 

1300FDPMAT  ' VOLUME  IS  NEGATIVE-T?  X-''  ? F8.  4?  F!  0. 4 ' 

NNN^E 

GD  TD  800 
340  UP  I TE <3?  1400? 

1400FDPMAT"  FLDU  CDNDITIDNS  MET'? 

NNN-3 


best  WHWBIE  COPY 


PfiGE 


SERVO  SUBROUTINE 

£■140  CO  TO  sai 
£150  540  OH-Bl^Cl 

£ 1 8 0 OfiVG~  <QftVC^T-t-Qft*T ! NT.>  - TI NT +T> 

£190  IF<T.GE.0.:>  GO  TO  570 

££00  088-Q8 

££10  TQ-T 

£££0  570  IF'C'R.LT.CiNft)  GO  TO  800 

££30  Ofifl-08 

££40  TO-T 

££50  800  RETURN 

££60  END 


MISFIRE  SUERDUTINE 


r 


I 

t 


1 OOn  SUBPDUTIME  GMFIR  -iPS!  ESSP?  X?  XDs  ftPl  ? HI . HE?  PDTH-:  CFP*  HFE.  THETH. 

1001  + XMLILLjPMFF!HF!.PKEjB'B5TINT5T!NNN:' 

1002  PGTHP  - PDTH  - 90. 

1003  IF  •PDTH.  LT. 'SO.:'  PDTHP  - PDTH  + 30. 

1004  ?IJLP  = XNIJLL*<1.  - PDTHP 

1006  IF'  SULP.LT.  0.  0>  ?LILP  0.00 

1 008  IF • - RDTH. GT. 60. > . HMD.  'PDTH. LT. SO. ' > ZULP  “ XMULL 

1014  HFC-THETH 
10 If.  XIMCH  - X^IE. 

1 0 1 6 I F • X I MCH . GE . 0 . S4:>  GD  TD  1 £ 

1017  PMFF  .1 

1018  ODDTl  -0. 

lOlS  DDDT£  - 0. 

10££  RETUPM 

10£3  1£  CDMTIMUE 

1 0£f  IF  ■:  'PDTH.  GE.  0.  ' . HMD.  ' PDTH.  LT.  3f . > > GD  TD  400 
10£6  IF  'PDTH.LT.f7.>  GD  TD  415 

1030  TF'PDTH.LE.60.>  GD  TD  410 

1 04 0 I F 'PDTH . LT . S 0 . > GD  TD  4£ 0 

1050  TF'PDTH.LE. 1£0.>  GD  TD  430 

1060  4 00  ■;  - .iPDTH  3 0.5;'*.  0006 

1070  GD  TD  440 

1080  410  ZVC~0. 

1 08£  DPP--. 66 
1084  DPP- 1.57 06 
lOSO  V-.6513 

1100  GD  TD  4S0 

1101  415  S - 'PDTH  £3.  07>^.  0006 

110£  YDDT  ^ 3.74  - 153. 18^S 

1103  V - 1£.^S^<3.74  - 153. 18'£. 

1104  GD  TD  441 

1110  4£0  CDMTIMUE 

1113  Y - 0 . 0 

11£0  •■iDD'T  ==  0. 

11£1  DPP  ==  ZULP 

11££  DPP  -.6 

1130  GD  TD  4S0 


114  0 
1 1 5 II 
116  0 
1170 
118  0 
1 1 S 0 
1 £ 0 0 
1 £ 1 0 
1£1£ 
1£14 
1£15 
1££0 
1££1 
1£££ 
1££3 
1££4 
1££5 
1££6 
!££7 


430  S- 'PDTH-8S. 5> ♦. 0006 
4411  YliQT  - 3.5  - 1£'S.6*S 

V “ •"  1 ic!?*  • ? 

44  1 P-  ' 1 1 0 0 . -YIiDT^C FP>  .^H£ 

CHMC7'-50PT  'P> 

C HMC 1 -SORT  C 1 5 0 0 . -P> 

I F ' YIiDT  > 44£  r 45  0 ? 446 

446  ZVC --YriDT*H£^  1 £ . CHFE^CHMCE.^  -^-ZULP 

DPP=^ZULP-ZVC 
DPP--. 8 

I F ' YDDT . GT . . 5:>  GD  TD  4S  0 
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